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,tals  of  parent  families  of  oxide  superconductors  with  single  CuO, -sheets  have  been  synthesized 
Single  crystal  charge-transfer  and  two-magnon  excitations  have  been  measured  to  unravel  the 

jBd  structure.  The  effect  of  electron-doping  on  the  charge-transfer  gap  has  been  also 

Lvtligated  for  Nd,..Ce,CuO,  compounds. 


introduction 

copper  oxide  compounds  with  high  transition  temperature  (TJ  possess  two-dimensional 
J7ZZ  of  corner-linked  CuO,  squares  (  »CuO, "-sheets)  as  a  common  structural  unit.  There  are  three 
Sifications  of  the  CuO, -sheets,  as  shown  in  Fig.l,  depending  on  the  presence  or  absence  of  apical  oxygen  s 
1  above  and/or  below  the  Cu  atoms,  i.e.  the  2D  sheets  of  (a)  Cu-0  squares,  (b)  pyramids  and  (c) 
'^Uhedra  The  first-discovered  high-T,  compound  (I),  alkaline  earth-substituted  La,CuO,  (see  Fig_2(a)),  show 
1  2D  sheets  of  octahedra,  while  in  most  of  other  copper  oxide  compounds  with  higher  T„  such  as 
VR  ru  O  and  Bi  Sr,CaCu,0.,  show  adjacent  multi-layers  of  pyramidal  CuO,  sheets.  Recent  discovery  o 

donine  induced  high  T  [2]  shows  that  the  CuO^-sheets  alone  without  apical  oxygens  (i.e.  2D  array  of 

Nd.CuO  (see  Fig.(d)). 

The  quantitative  understanding  of  electronic  structures  of  various  types  of  ^ 

upon  the  carrier-doping  are  undoubtedly  one  of  the  central  issues  to  unravel  the  mechanism  of  high 
to  report,  we  investigate  the  optical  properties  in  single  crystals  of  semiconducting  parent  compounds 
High  T  superconductors  with  a  single  CuO,-sheet  per  repeated  unit.  The  change  in  the  optical  conductivi  y 
spectra  with  doping  is  also  investigated  for  Nd,,Ce  CuO,  with  electron-type  charge-carriers. 


P-TYPE  AND  N-TYPE  BEHAVIOR  IN  CuO,  SHEETS 

In  Fig.2  we  show  the  crystal  structures  of  copper  oxide  compounds  investigated  here,  which  respectively 
represent  typical  patterns  of  2D  Cu-0  networks.  All  the  structures  show  a  well-defined  network  of  a  single 
Cu-0  sheet  within  a  repeated  unit  and  hence  in  those  compounds  there  is  no  complication  due  to  the 
combination  of  two  or  more  types  of  Cu-0  planes  as  observed,  for  example,  in  the  Y-Ba-Cu-O  systems 
accompanying  the  both  of  pyramidal  sheets  and  chains.  This  feature  is  important  to  obtain  clear-cut 
observation  about  the  Cu-0  network'  dependence  of  the  electronic  structures.  Single  crystals  of  all  these 
compounds  were  grown  from  the  melt  by  using  excess  CuO  or  CuO/Bi,0,  mixture  as  flux,  detailed 
procedures  of  which  will  be  described  elsewhere. 

Of  particular  interest  are  the  compounds  which  can  sustain  the  excess  charge  in  thier  CuOj  ,  (  ) 

La,.,Sr.CuO„  (c)  (La,Sm),.,Sr,CuO,  [3l  and  (d)  Nd,.,Ce,CuO,.  These  compounds  also  represent  three  typical 
patterns  of  CuO  network  shown  in  Fig.l.  Empirically,  it  has  been  established  that  the  octahedral  an 
pyramidal  CuO^  sheets  can  sustain  hole-type  carriers  (i.e.  P-type)  and  the  CuO^  sheets  alone  without  apica 
oxygens  electron-type  carriers  (N-type).  In  other  words,  the  electron  type  carriers  cannot  be  doped  into  the 
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octahedral  nor  pyramidal  sheets  like  Filg.l(b,c),  and  hole  type  carriers  not  into  square-type  sheets  (Fig.l(a)) 
with  no  apex.  According  to  preliminary  measurements  of  thermopower,  the  above  empirical  rule  appears  to 
be  valid  also  for  the  infinite-layer  compound  (Ca,Sr)Cu02  shown  in  Fig. 2(e):  it  shows  the  N-type  behavior 
though  the  doping  level  attained  by  substitution  of  Ca  with  rare-earth  elements  is  quite  low.  Such  a  P-  or  N- 
type  behaviour  dependending  on  the  pattern  of  Cu-0  networks  implies  the  importance  of  electrostatic 
interaction  between  the  doped  carrier  and  surrounding  ionic  lattice  [4,5j. 


ELECTRONIC  STATES  IN  INSULATING  CuO^  SHEETS 

In  Fig.3  are  plotted  the  optical  conductivity  spectra  [6]  for  six  members  of  Cu-0  layered  compounds  listed 
in  Fig.l  (a)-(f).  The  conductivity  spectra  were  obtained  by  the  Kramers-Kronig  transformations  of  reflectivity 
data  measured  on  the  (001)  faces  of  those  single  crystals  at  290K  with  the  polarization  parallel  to  the  Cu-0 
basal  planes.  Concerning  the  reflectivities  at  photon  energies  above  6eV,  the  reflectance  data  (7]  taken  with 
use  of  the  synchrotron  radiation  source  were  utilized.  In  all  the  compounds  investigated  here,  we  have 
observed  the  strong  optical  transitions  at  energy  of  1.5-2.0eV,  below  which  the  compounds  show  no  optical 
active  bands  except  for  the  optical  phonon  modes.  These  optical  excitations  are  strongly  polarized  along  the 
basal  plane  of  CuOj  (or  parallel  to  the  chain  direction  in  CajCuOg)  and  the  spectra  for  the  light  polarization 
normal  to  the  sheets  show  no  prominent  structure  in  the  photon  energy  region  below  3eV  [6],  On  these  bases, 
we  have  assigned  these  strong  absorption  bands  to  the  charge-transfer  gap  excitation  mainly  from  the  0-2p 
to  Cu-3d  (upper  Hubbard)  state.  The  fairly  sharp  profile  of  the  absorption  peaks  as  observed  indicates  the 
excitonic  character  of  the  transition  rather  than  the  van  Hove  singularity. 

Looking  at  Fig.3,  one  may  notice  the  systematic  change  in  the  peak  position  with  the  number  of  apical 
oxygens  coordinated  around  Cu;  2.0eV  in  octahedral  CUO2  sheets  of  LajCuO^,  l.SeV  in  pyramidal  CuO^- 
sheets  of  LaGdCuO^,  and  l.SeV  in  CuOj-sheets  with  no  apical  oxygen  in  NdjCuO^  and  (Ca,Sr)Cu02.  This  fact 
indicates  that  the  relative  position  of  the  uppermost  filled  band  (dominatnly  of  0-2pc7  character)  and  lowest 
unoccupied  band  (dominantly  of  Cu  d^2y2  character)  is  quite  sensitve  to  the  presence  or  absence  of  apical 
oxygen(s).  On  the  other  hand,  the  oscillator  strength  of  the  CT  exciton-like  absorption  increases  in  going 
from  octaheral  to  square  CUO2  sheets.  The  peak  energies  and  oscillator  strengths  of  the  CT  excitons  are 
summerized  in  Table  1  for  the  representative  3  members  of  single-Cu02-sheet  compounds,  LajCuO^ 
(octahedra),  LaGdCuO^  (pyramids)  and  Nd2CuO^  (squares).  The  oscillator  strengths  were  approximately 
estimated  by  fitting  the  optical  conductivity  spectra  of  CT  excitons  with  Lorenzian  profiles. 

In  the  Raman  spectra  of  these  compounds  [6],  fairly  strong  bands  with  the  symmetry  of  and  are 
observed  around  3000cm*^  (ca.0.4eV).  The  corrensponding  Raman  bands  in  related  copper  oxide  compounds 
have  been  assigned  to  the  two-magnon  excitation  [8].  It  was  argued  [8]  that  the  peak  position  of  the  two- 
magnon  Raman  band  is  approximately  equal  to  2.73^,  being  the  exchange  energy  between  the  localized 
spins  on  neighboring  Cu  sites.  The  observed  Raman  shifts  for  the  2-magnon  excitations  and  estimated  J- 
values  are  also  listed  in  Table  1.  In  contrast  to  the  systematic  change  of  CT  gap  energies,  the  2-magnon 
Raman  shift  appears  not  to  be  sensitive  to  the  shape  of  CuO  network. 

Based  on  the  observed  values  for  CT  and  2-magnon  excitation,  important  features  in  electronic  structures 
of  CuOj-sheets  with  various  shapes  can  be  discussed.  The  values  of  the  oscillator  strength  (f)  of  CT 
excitations  are  quite  large  (f =0.2-0 .5),  indicating  the  strong  hybridization  between  Cu-3d  and  0-2p  orbitals 
and  the  strong  exciton  effect  due  to  the  coulombic  final  state  interaction  between  the  excited  electron  and 
hole.  According  to  the  simplified  model  for  a  single  CuO^  cluster,  the  oscillator  strength  of  the  optical  CT 
excitation  is  approximately  proportional  to  the  degree  of  hybridiazation  (tpj/A)^  Here,  tp^  and  A  stand  for 
the  transfer  energy  and  energy  difference  between  the  Cu  3d  and  O  2p  orbitals.  The  transfer  energy  tp^  is 
known  to  be  proportional  to  d‘^,  d  being  the  distance  between  the  neighboring  Cu  and  O  within  CuOj-sheet. 
In  Table  1,  the  change  in  tp^  is  shown  using  the  value  (tpd=tQ)  of  LajCuO^.  If  we  take  the  observed  CT  gap 
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energy  an  approximation  of  A,  wo  can  estimate  the  relative  strength  of  CT  transitions.  The  caculated 
re'^ults  for  shown  in  Table  1  in  arbitrarily  normalized  unit.  The  tendency  is  in  good 

agreement  with  the  observed  results:  The  degree  of  hybridization  between  Cu-d  and  0-p  orbitals  is  increased 
as  the  oxygen  coordination  around  Cu  is  decreased.  This  is  apparently  due  to  the  change  in  CT  gap  energy, 
which  is  superior  to  the  change  in  tp^. 

In  Table  1  are  also  listed  the  calculated  values  of  J^,  in  which  the  simple  2-band  model  is  used  with  the 
appropriate  values  of  correlation  energies  for  Cu  d-electron  (U^=8eV)  and  O  p-electron  (Up=4eV).  We  used 
again  the  observed  CT  gap  as  an  approximation  of  A  and  assumed  to=0.96eV.  The  agreement  with  the 
experimentally  derived  values  is  fairly  good.  Rather  small  variation  in  from  material  to  material  can  be 
interpreted  as  a  result  of  cancellation  of  respective  change  in  tp^  and  A. 


effect  of  carrier-doping  into  CuO^-SHEETS 

Up  to  now,  controllable  carrier-doping  in  CuO^  sheets  of  single  crystals  have  been  capable  only  in 

changing  the  Sr  concentration  x  and  oxygen  content  y,  respectively.  The 
latter  compound  comprises  two  pyramidal  sheets  and  a  CuO^  chain  per  repeated  unit  and  variation  of  oxygen 
content  (y)  modifies  the  chain  structure,  which  may  cause  some  complication  in  the  interpretation  of  optical 
spectra.  In  single  crystalline  films  of  La^.^^Sr^CuO^  ,  on  the  other  hand,  measurements  of  optical 
transmittance  spectra  have  been  performed  by  Suzuki  [9],  who  has  found  doping-induced  optical  absorption 
bands  in  the  infrared  region  and  their  systematic  change  with  the  Sr-concentration  (x).  (See  also  the  paper  by 
Tajima  et  al.  in  the  Proceedings.)  Here,  we  present  the  result  for  change  in  optical  conductivity  spectra 
observed  in  single  crystals  of  the  electron-doped  counterpart  Nd2  ^Ce^CuO^. 

The  E  c  reflectance  spectra  have  been  measured  on  single  crystals  of  Nd2.^Ce^CuO^  at  290K.  The  Ce- 
composition  of  each  CuO-fhix  grown  single  crystal  has  been  determined  by  the  measurement  of  c-axis  length 
as  well  as  by  the  ICP  method.  The  transformed  optical  conductivity  spectra,  which  were  obtained  by 
Kramers-Kronig  analyses  of  reflectivity  data,  are  shown  in  Fig.4.  For  undoped  samples  (x=0.0)  we  also  show 
the  spectrum  for  the  intentionally  reduced  sample  which  were  annealed  under  the  Ar/02  gas  mixture  with 
the  partial  02-pressure  of  ca.lO^  atm  at  900  C.  Refering  to  the  cases  of  polycrystalline  samples,  the  estimated 
oxygen  vacancies  is  about  1%  of  the  total  stoichiometric  oxygen  content.  It  shows  a  blurred  feature  and  the 
additional  broad  absorption  below  the  CT  gap.  This  indicates  that  the  reducing  procedure  in  NdjCuO 
introduces  the  excess  electrons  which  are  responsible  for  the  infrared  absorption.  Upon  substitution  of  Nd 
with  Ce,  the  introduced  electrons  in  CuOj  sheets  cause  the  strong  infrared  absorption  below  l.leV. 
Remarkably,  the  isosbetic  point  is  observed  at  ca.l.leV  with  increase  of  x,  indicating  that  the  electron-doping 
transfers  the  transition  intensity  from  the  CT  excitation  to  the  infrared  excitations.  Effective  number  of 
electrons  relevant  to  the  transition  is  given  by  integration  of  optical  conductivity  in  the  photon  enrgy  range 
of  the  absorption  band.  Therefore,  the  existence  of  isosbetic  point  with  doping  indicates  that  the  elctronic 
states  giving  rise  to  the  CT  excitation  and  infrared  absorption  are  closely  correlated  with  each  other.  In  other 
words,  the  electronic  states  responsible  for  the  CT  gap  excitation  are  modified  by  doped  electrons  to  the  ones 
relevant  to  the  infrared  absorption.  This  feature  is  contradictory  to  the  simple  picture  that  the  doped  carriers 
are  accomodated  in  the  upper-lying  rigid  band  and  causes  the  plasmon-like  optical  reponse.  According  to  a 
preliminary  estimation,  the  rate  of  intensity  transfer  from  CT  excitation  to  infrared  band  with  increasing  x  ( 

(  0.15)  is  approximately  twice  larger  in  Nd2.^C^^CuO^  than  that  for  hole-doping  case  in  La2.^Sr^CuO^.  This 
may  be  reflecting  the  stronger  p-d  hybridization  in  NdjCuO^. 
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Fig.l.  Three  types  of  2-dimen3ional  Cu-0  networks;  (a)  squares,  (b)  pyramids  and  (c)  octahedra. 


Fig.2.  Crystal  structures  of  Cu-0  layered 
compounds;  (a)  La,CuO^,  (b)  Sr,CuO,Cl„  (c) 
(La,Gd),CuO„  (d)  Nd,CuO^,  (e) 
(Ca,Sr)CuO„  and  (f)  Ca,CuO,. 


Fig.3.  Optical  conductivity  apectra  of  single 
crystals  of  Cu-0  layered  compounds  listed 
in  Fig.2.  In  all  the  spectra  the  light  E-vector 
is  parallel  to  the  basal  plane. 
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Table  1 


Physical  paremeters  In  Cu02“Sheets. 


compounds 

La2Cu04 

(LA  I Gd) 2CUO4 

Nd2CuO^ 

Cu-0  network 
(oxygen  coordination) 

octahedron 
(  6  ) 

pyramid 
(  5  ) 

square 
(  4  ) 

dcu-O  (Cu02-sheet) 

1.905  A 

1.936  A 

1.973A 

tpd 

^0 

0.937to 

0.869to 

(optical  gap) 

2.0  eV 

1.8  eV 

1.5  eV 

^CT 

0.28 

0.33 

0.43 

/  A  )  ^ 

(a?Sltrarlly  normalized) 

0.28 

0.31 

0.38 

Raman  shift  tUg 
(2-magnon  band) 

3200  cm'^ 

2800  cm~^ 

2900  cm'*- 

Js 

cal . 

0.147eV 
0.142  eV 

0.128eV 

0.126  eV 

0.13,  eV 
0.133  eV 

•  assumed  U^j-S.O  eV.  Up*4.0  eV.  and  tQ-O.Se  eV. 


Fig.4.  Optical  conductivity  spectra  in  single  crystals  of  Ndj.jjCejCu0^.y. 
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New  high-Tc  copper  oxide  superconductors  *. 
(Nd,Ce,Sr)2Cu04_,  and  (Ln,Ce,Ba)4Cu309_.  (Ln:Nd,  Sm,  Eu  and  Gd) 


Jun  Akimitsu  and  Hiroshi  Sawa 


Department  of  Physics,  Aoyama-Gakuin  University 
6-16-1,  Chitosedai,  Setagaya-ku,  Tokyo  157. 


Two  new  high-Tc  superconducting  systems  have  been  found  by  the  resistivity  and  mngnetizahon  monsure- 
ments.  The  crystal  structures  are  proposed  on  the  basis  of  Rietveld  analysis  of  powder  X-ray  and  lOf  neutron 
diffraction  data. 

First  is  the  Nd-Sr-Ce-Cu-0  system  with  the  highest  onset  transition  temperature  of  about  28 K.  1  he  siruc- 
lure  comprises  of  alternating  slabs  of  the  KjNiF,  and  NdjCuO^  structures,  and  that  all  copper  atoms  are 
crystallographically  equivalent  with  oxygen  in  fivefold  (square-pyramidal)  coordination. 

Second  is  a  family  of  superconducting  system  Ln-Ce-Ba-Cu-0  (Ln  ;  Nd,  Sm,  Eu  and  Gd)  with  the  highest 
transition  temperature  of  about  48K.  The  structure  consists  of  alternating  slabs  of  the  YBajCnjO;-,  and 
Nd2Cu04  structures,  and  that  the  copper-oxide  framework  is  similar  to  YBa2Cu307_j,. 


1.  Introduction 

Despite  tremendous  efforts  for  understandings  of  high-Tc  superconductivity,  the  mechanism  lying  behind  remains  un¬ 
solved.  The  progress  in  this  field  has  always  been  coupled  with  the  discovery  of  new  materials.  It  is,  therefore,  important 
to  find  the  new  materials  even  if  the  transition  temperature  is  low. 

Ill  this  paper,  we  add  two  new  materials  to  the  high-Tc  superconducting  oxides  that  have  widely  aroused  interest. 

One  of  them  is  the  Nd-Ce-Sr-Cu-0  system  with  an  onset  transition  temperature  of  28K[l].  The  structure  comprises  of 
alternating  slabs  K2NiF4-  and  Nd2Cu04-type  structures,  and  that  there  is  only  one  Cu  site  in  pyramidal  coordination  of 
oxygen[2].  This  compound  is  the  first  case  of  the  copper-based  superconductor  in  which  Cu  ions  take  an  only  pyramidal 
five  fold  coordination. 

Another  is  a  family  of  superconducting  system  Ln-Ce-Ba-Cu-0  (  Ln  :  Nd,  Sm,  Eu  and  Gd)  with  a  liighest  tran.sition 
temperature  of  about  48K[3].  The  structure  consists  of  alternating  blocks  of  the  YBa2Cu307_y  and  Nd2Cu04  stnicturc.s, 
and  that  the  copper-oxide  framework  is  similar  to  that  of  YBa2Cu307-.j,. 

2.  Nd-Ce-Sr-Cu-O  system 

A  sample  with  the  composition  of  (Ndi«,_ySrxCey)2Cu04_x  was  prepared,  of  which  details  were  already  published 
Glsewhere[l]. 

The  standard  four  probe  technique  was  used  for  resistivity  measurements.  Figure  1  shows  the  resistivity  measurement  for 
tlic  specimens  with  the  nominal  composition  of  Nd2Sro.5Ceo  sCui  2O,.  The  onset  and  endpoint  transition  temperatures  arc 
28K  and  18K,  respectively.  The  semiconducting  behavior  observed  at  low  temperature  is  due  to  oxygen  deficiency  included 
in  the  sample.  The  maximum  transition  temperature  is  about  28K,  although  we  observed  different  transition  temperatures 
for  different  compositions. 

Magnetization  measurements  were  also  performed  with  the  SQUID  magnetometer.  Figure  2  shows  a  typical  example  of 
the  diamagnetic  susceptibility  taken  at  50e.  Assuming  that  the  density  of  the  material  is  about  7.3,  the  superconducting 
volume  fraction  is  about  24%  at  4.2K.  This  indicates  that  the  superconductivity  is  bulk  in  nature. 

Pow'der  X-ray  diffraction  was  performed  on  a  conventional  X-ray  spectrometer  with  the  graphite  monochromator.  Figure 
3  shows  the  typical  X-ray  diffraction  pattern  of  Nd2Sro.5Ceo.5Cu1.2Gx  taken  at  room  temperature.  The  predominant  lines 
can  be  ascribed  to  the  tetragonal  structure  with  a  =  3.855Aand  c  =  12.49A.  As  far  as  the  arrangement  of  the  metal 
ions  is  concerned,  the  crystal  structure  is  the  same  as  that  of  La2Cu04  and/or  Nd2Cu04.  Therefore,  the  present  X-ray 
data  suggest  that  the  compound  has  the  chemical  formula  of  (Ndi„x._ySrxCey)2Cu04_i.  The  oxygen  positions,  however, 
remain  undetermined  by  the  X-ray  diffraction.  The  evidence  that  the  (Ndi-.x-ySr^Cey)2Cu04^x  is  resi^onsible  for  the 
superconductivity  is  the  strong  relationship  between  the  superconductivity  and  the  presence  of  this  phase. 
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'I'aknyaina-Muroinachi  et  al.[4]  identified  the  superconducting  phase  by  the  combined  use  of  X-ray  diffraction  and  electron 
microscopy.  Metal  positions  in  this  phase  were  confirmed  to  be  identical  with  those  in  the  K2NiF4  or  Nd2Cu04  structure 
except  the  cationic  order  of  Nd(Ce)  and  Sr.  In  addition,  the  possible  space  group  was  suggested  to  be  P4/ninin,  because 
];k0  reflections  with  h-fk=2n-l-l  were  absent  in  electron  difTractioti  patterns.  Subsequently,  a  convergent-beam  electron 
diffraction  study  revealed  that  (Ndi_:c_j,Sr^Cey)2Cu04_j  belongs  to  P4/nmm[5], 
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Figure  2.  Meissner  diamagnetism  observed  for  the  specimen  with 
nominal  composition  of  Nd2Sro.5Ceo.5Cu1.2O,. 


Figure  1.  Temperature  dependence  of  the  resistivity  nominally 
described  as  Nd2Sro.5Ceo.5Cu1  20,. 
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Figure  3.  X-ray  powder  diffraction  pattern  of  Nd2Sro.5Ceo  5Cui,20y.  A  indicate  the  peaks  from  Ndi_xCe,0,. 
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Based  on  these  experimental  results,  Takayama-Muromachi  et  aJ.  proposed  the  new  model  comprising  of  alternating 
slabs  K2NiF4-  and  Nd2Cu04-type  structures.  We  have  finally  determined  the  crystal  structure  of  ( Ndi Sr,. (.V„ ).( hiO,.. 
by  using  the  TOF  neutron  powder  diffraction  technique. 

A  sample  with  the  composition  (Ndo,66Sro.205Ceo.i35)2Cu04^,  was  given  to  be  single  phase.  As  has  been  pointed  but 
by  Takayama-Muromachi  et  al.[4]  and  Tokura  et  al.[6],  both  the  superconducting  volume  fraclion  and  Vb  in(:reasc<l  after 
long-term  annealing  under  the  oxygen  atmosphere. 

d'he  sample  used  in  the  structure  analysis  experiment  showed  an  onset  of  superconductivity  at  22 K  in  magnetization 
measurement.  The  Meissner  signal  reached  about  12%  at  8K. 

XPS  spectra  were  measured  to  determine  the  valence  of  Ce  on  a  spectrometer  equipped  with  a  Mg  X-ray  source  (hu 
=  r253.5eV)  and  a  cylindrical-mirror  analyzer[7].  As  a  result,  we  can  safely  conclude  that  Cc  atoms  in  the  superconducting 
sample  are  in  a  tetravalent  state  as  in  Ce02.  It  is  interesting  to  note  that,  in  the  CaF2-typc  structures  of  Cc()2  and 
Cci_^Nd^02_:,/2,  Ce^+ions  are  surrounded  by  eight  oxide  ions  disposed  at  the  corner  of  a  cube.  Therefore,  ions  are 

preferentially  situated  at  site  of  Nd2Cu04-type  slab  in  eight-fold  coordination.  The  oxidation  state  of  +1  is  very  common 
among  Ce  compounds,  and  the  effective  ionic  radius,  r,  of  (1.3lA[8])  is  about  30%  larger  than  tliat  of  ^^Ce*'*'  (ca. 

I.OA),  where  roman  numbers  attached  to  cation  names  denote  their  coordination  numbers.  Therefore,  the  possibility  can 
be  ruled  out  that  Ce  ions  share  site  in  K2NiF4-type  slabs  in  nine-coordination  with  Sr^'^  ions.  Throughout  this  paj)cr,  a 
metal  position  other  than  Cu  in  the  K2l^iF4“type  unit  is  referred  to  as  M,  and  that  in  the  Nd2Cu04-tyj)e  unit  a.s  Mb  the 
coordination  number  is  9  for  site  M  and  8  for  site  M’,  which  suggests  that  larger  cations  prefer  site  M  to  site  M’. 

Neutron  diffraction  data  were  taken  on  a  high-resolution  TOF  neutron  powder  diffractometer,  II RP,  at  the  KIvNS  pulsed 
spallation  neutron  source  at  the  National  Laboratory  for  High  Energy  Physics.  Structure  jiarametcrs  were  refined  with  a 
RIETAN  program[9]  for  the  Rietveld  analysis  of  TOF  neutron  powder  diffraction  data.  To  determine  the  oxygen  positions 
more  precisely,  atomic  displacements  in  the  [MO]  sheets  were  taken  into  account.  In  the  “ideal”  model,  0(2)  atoms  were 
located  at  a  2c  position  (1/4,  1/4,2;  point  symmetry  :  4mm)  of  space  group  P4/nmm.  In  a  new  model,  each  0(2)  atom 
was  “split”  into  four  atoms  at  an  8j  site  point  symmetry  :  m)  slightly  off  a  fourfold  rotation  axis  and  two  mirror 

planes  parallel  to  ac  and  be  planes,  which  lowers  the  local  symmetry. 

Final  structure  parameters  and  their  standard  deviations  are  listed  in  Table  I,  and  selected  metal-oxygen  distances  are  in 
Table  II.  Lattice  parameters  were  refined  to  be  a  =3.8564(3)Aand  c  =12.4846(9)A.  R  factors  were  7?wp=-^  h4%i  /?p=‘1.27%, 
/2i=3.32%,  Rf—2.^1%  and  /?e=4.76%.  Figure  4  illustrates  final  profile  fit  and  difference  patterns.  The  good  fit  between 
the  observed  and  calculated  patterns  strongly  supports  the  present  structural  model. 

The  coordination  numbers  of  M,  M’  and  Cu  are,  respectively,  9,  8,  and  5,  which  are  reasonable  from  a  crystallo-chemical 
point  of  view.  The  [CuOs]  pyramid  contains  four  short  Cu-O(l)  bonds  (1.9355A)  and  one  long  Cu-0(2)  boml  (2.22lA),  a.s 
in  YBa2Cu307.  The  Cu-0(2)  bond  is  evidently  shorter  than  corresponding  bonds  in  other  superconductors  with  [CuO^j 
pyramids,  e.g.,  YBa2Cu307  and  Tl2Ba2CaCu208.  The  bases  of  [CuOs]  pyramids  form  a  two-dimensional  [CUO2]  plane 
perpendicular  to  the  [001]  direction.  The  M-0(2)  bond  parallel  to  the  [001]  direction  is  as  short  as  2.2G8  A,  which  is 
comparable  to  the  Cu-0(2)  distance. 

Figure  5  shows  the  crystal  structure  of  (Ndi_x-ySrxCej,)2Cu04-^.  The  unit  cell  consists  of  two  parts:  the  upper  part 
in  Figure  5  is  of  the  K2NiF4-  type  where  the  M  (Nd,Sr)  ion  is  coordinated  to  9  oxide  ions,  while  I  he  lower  part  is  of 
the  Nd2Cu04  type  including  M’(Nd,Ce)  ion  in  8-coordination.  There  is  only  one  crystallographic  .site  with  pyramidal 
coordination  for  the  Cu  ion.  From  a  structural  point  of  view,  high-Tc  superconductors  are  classified  into  (wo  groups:  one 
contains  copper  in  distorted  octahedral  coordination,  e.g.,  (Lai-xMx)2Cu04  (M:Ca,  Sr  and  Ba)  and  ( Bi,d’l)2(Sr,Ba)2CuOf3, 
and  the  other  contains  copper  in  pyramidal  coordination,  e.g.,  LnBa2Cu307  (Ln:Y  and  various  ianthanoid  elements), 
( Bi,  ri),,i(Sr,Ba)2Ca7iCUrt+i OTn+2(rt+2)  sirid  Pb2Sr2ACu308^j  (A  ~  Ln,  Ln  (Sr  or  Ca)).  (Ndj_x-.ySrxCey)2Cu04_j  ha,s  the 
simplest  structure  of  superconductors  that  are  composed  of  [CuOs]  pyramids  ever  found.  This  material  must  be  one  of  the 
best  candidates  for  studying  the  origin  of  high-Tc  superconductivity. 

3.  Ln-Ce-Ba-Cu-O  system  (Ln:Nd,  Sin,  Eu  and  Gd) 

The  samples  were  prepared  by  the  solid  state  reaction  of  rare-earth  metal  oxides  (Nd203,  Sm203,  EU2O3,  Gd203  and 
Ce02),  BaCOa  and  CuO.  The  details  are  published  elsewhere[3].  Single-phase  samples  were  obtained  at  a  nominal  comjiosi- 
tion  of  Ln:Ba:Ce:Cu=6:4:2:9  for  Ln=Eu  atom.  However,  the  solubility  ratio  is  different  for  each  rare  earth  oxides,  nominal 
compositions  are  slightly  different  for  the  other  rare  earth  compounds. 

Figure  6  shows  the  temperature  dependences  of  resistivities  for  Ln6Ba4Ce2Cu90y  with  Ln:Nd,  Sm,  Va\.  Although  the 
samples  are  single-phased  in  the  powder  X-ray  diffraction  patterns,  the  semiconducting  behaviors  arc  observed  at  low 
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Fiaiire  4  Rietveld  refinement  profiles  for  Ndo.eeSro 20sCeo.i35)2Cu04_,.  Background  was  fit  as  p^t  ofthe  refinement  but 
faf  been  Subtracted  before  plotting  to  show  net  intensities.  Plus  marks  (+)  are  the  raw  neutron  diffract.on  data  and  the 
overlapped  continuous  line  is  the  calculated  profile.  Tick  marks  below  the  profile  indicate  the  positions  of  the  501  allowed 
reflections.  The  curve  in  the  bottom  is  the  difference  between  the  observed  and  calculated  intensities  in  the  same  scale. 


Structure  parameters  in  (Ndo.66Sro.205Ceo.i35)2Cu04-,  (Z=2)-  Esti¬ 
mated  standard  deviations  in  parentheses  refer  to  the  last  digit  printed. 
H  is  isotropic  thermal  parameter.  The  occupation  factors,  g,  of  Nd,  Cc 
and  Sr  are  fixed  at  0.59,  0  and  0.41  for  site  M,  and  at  0.73,  0.27  and  0 
for  site  M’. 


Atom 

Site 

X 

V 

z 

g 

B/A' 

M 

2c 

1/4 

1/4 

0.3893(3) 

1 

0.787 

M’ 

2c 

1/4 

1/4 

0.1035(3) 

1 

0.393 

Cu 

2c 

1/4 

1/4 

-0.2510(3) 

1 

0.496 

0(1) 

4f 

3/4 

1/4 

0.2378(3) 

1 

1.000 

0(2) 

8j 

0.2958(58) 

1  =  X 

-0.4291(6) 

0.2304(40) 

1.607 

0(3) 

2a 

3/4 

1/4 

0 

1 

0.737 

Table  II. 

Interatomic  distances,  I,  in 
(Ndo  66Sro.20sCeo.i3s)2Cu04-.# . 
N  is  the  number  of  equivalent 
bonds. 


Bond 

— u. — 

N 

M-O(l) 

2.701(3) 

4 

M-0(2*) 

2.281(9) 

4/4 

M-0(2") 

2.53(3) 

4/4 

M-0(2“’) 

2.783(3) 

8/4 

M-0(2‘^) 

3.02(3) 

4/4 

M’-O(l) 

2.555(3) 

4 

M’-0(3) 

2.321(2) 

4 

Cu-0(1‘") 

1.9352(4) 

4 

Cu-0(2) 

2.238(9) 

4/4 

©  Nd.Sr  •  Cu 


y.  2  +  1 

ii) x-l/2,y-l/2,-z 

iii) x-  1/2,-y, -z 

iv)  -X,  -y,  — ^ 


Figure  5.  Crystal  structure  of 
(Ndi_,-ySr,Cey)2Cu04-,. 
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trnipcratiire.  This  seems  to  be  due  to  the  oxygen  vacancies,  since  such  a  tendency  tends  to  disappear  after  the  long-terin 
annealing  under  tlie  liigh-pressure  oxygen  as  seen  in  the  case  of  Eu-coin pound.  1  he  niaxirnuin  onset  superconducting  lraijs|. 
lion  temperature  at  present  is  about  dSK.  The  superconducting  cliaractcristics  of  this  materials  strongly  depend  on  the  am 
dealing  conditions.  Figure  7  shows  the  temperature  dependences  of  the  A.C.  magnetic  susceptibilities  in  Ndr,BatCc2CuoOj^^ 
The.  curve(2)  for  the  sample  annealed  under  O2  atmosphere  improved  superconducting  behavior  with  rcgartl  to  l^oth  the 
Meissner  volume  fraction  and  transition  temperature  compared  to  the  curve(l)  for  a  non-annealcd  sintered  sample. 

Recently,  Tamegai  et  al.[10]  measured  the  Hall  effect  on  the  Eu  and  Nd  coinpounds(Figure  8).  Hall  coefficients  for  tiicse 
compounds  are  positive,  indicating  that  carriers  are  holes.  As  shown  in  Figure  8,  Hall  coefficients  are  slightly  temperature 
dependent,  with  a  broad  maximum  at  around  120K.  Average  hole  number  per  copper  ion  in  the  Gu-0  planes  at  just  above 
7c  is  estimated  to  be  0.09.  This  value  is  much  smaller  the  value  0.23  in  YBa2Cu307_j,.  The  difference  in  the  carriers 
concentrations  may  be  the  reason  why  Tc  in  this  system  is  as  low  as  about  40K. 


Figure  7.  Temperature  dependences  of  the  A.C.  magnetic  sus¬ 
ceptibilities  in  Nd6Ba4Ce2Cu90y.  Curves  (1)  and  (2)  correspond 
to  the  non-annealed  and  the  annealed  samples,  respectively. 


Figure  6.  Temperature  dependences  of  the  resistivities  in  LneBa^ 
Ce2Cu90y  (  Ln  :  Nd,  Sm,  Eu  ). 


Temperature  (K) 

T.  Timegit  et  *1. 


Figure  8.  Temperature  dependences  of  Hall  coefficients  for  Eu6Ba4Ce2 
CugO,  ajid  Nd6Ba4Ce2Cu90,. 
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'Vo  flctcrmine  the  crystal  structure  of  this  system,  we  performed  the  Rietveld  analysis  of  X-ray  powder  diffraction  as  well 
as  high-resolution  electron  imaging  technique. 

l‘/lectron  diffraction  patterns  and  electron  micrographs  were  taken  by  Matsui  and  Iloriuchi.  L*]Iectron  diffraction  patterns 
of  t lie  RnrjBatCe2Cu90j^  indicate  that  the  unit  cell  is  body-centered  tetragonal  (a  ~  3.8Aand  c  ~  28A);  likl  reflections  wilh 
0(1(1  values  of  h+k-fl  are  systematically  absent.  Tsuda  et  al.[ll]  determined  the  space  group  to  be  M/mmm  (No.  13!))  by 
using  the  convergent-beam  electron  diffraction. 

d'he  high-resolution  image  given  in  Figure  9  was  taken  with  the  incident  beam  parallel  to  [100].  1  wo  types  of  arrangcmcnls 
were  observed  in  the  image.  One  is  the  large  two  dark  dots  marked  with  R.  This  may  be  R2O2  layers  (NcUOuOi-lype  slabs). 
Between  two  R2O2  layers,  zig-zag  arrangement  of  three  perovskite  layers  was  observed.  They  arc  considered  to  be  perovskiti' 
layers  consisting  of  almost  the  same  heavy  ions  (marked  as  R’)  and  Cu  ions.  Local  structure  must  be  similar  to  that  of  I  he 
tetragonal  YBa2Cu307-j,.  The  layer  sequence  in  the  structure  of  our  new  compounds  is  shown  in  Figure  10. 

Based  on  the  above  lattice  image  and  referring  to  cationic  order  in  Ndi  2Bai,8Cu307_y[12]  and  (Nd,Ce,Sr)2f  diOt,  the 
structural  model  was  constructed.  The  R  site  (8-coordinated  site  in  Nd2Cu04-type)  is  occjqncd  by  and  ('e^'*’  ions, 

because  both  ions  have  nearly  the  same  radius  (ionic  radii  in  the  8-coordinated  site  are  I.OGGA  and  ''  ‘’bjc^^:().97A). 

On  the  other  hand,  Ba^*^  ionic  radii  are  too  large  in  the  coordination  (^”*Ba^'^:  1.42A).  The  coordination  number  in  the  \V 
site  is  difFlcult  to  fix  because  of  the  oxygen  vacancy.  Analogous  to  YBa2Cu307_y,  this  site  is  supposed  to  be  10-coorfiinated. 
We  assume  that  the  relatively  large  Ba^'*'  and  Eu^*^  ions  prefer  the  R’  site  (^ Ba^"^:  1.52Aand  ^ Eu^"^:  1.35A).  1  herefore,  we 
a.ssume  the  structural  model  to  be  (Eui_3:Cex)2(Bai_j,Euy)2Cu30io-r  in  a  chemical  formula  for  the  Rietveld  analysis. 

Powder  X-ray  diffraction  was  performed  on  a  Rigaku  diffractometer  RAD-rC  with  a  rotating  anode  source  and  a  grapliile 
monochromator.  The  diffraction  pattern  indicates  that  the  sample  is  single  phased.  The  crystal  structure  was  refined  l>y 
Rietveld  analysis  with  the  RIETAN  program. 

f'inal  structure  parameters  are  listed  in  Table  I.  The  refined  lattice  parameters  are  a  =3.850‘H(G)A  and  c  =28. 4 508 (.5) A. 
The  R  factors  are  R„p=6.6%,  /?p=5.2%,  Ri=2.9%,  Rr-2.S7o  and  R,=4.2%.  Figure  11  shows  the  final  profile  fit  atid 
difference  patterns.  Good  agreement  between  the  observed  and  calculated  patterns  strongly  supports  the  proposed  structural 
model.  To  obtain  the  reliable  structure  parameters  for  oxygens,  a  TOF  neutron  powder  diffraction  data  has  been  made. 


iijiiiiiiiiiiiififffiijpiuiMywii 
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Figure  9.  A  high  resolution  electron  microscope  image  of  Eu6Ba4Ce2Cu90y 
taken  with  an  incident  electron  beam  along  the  a  axis.  Dots  indicated  by  R 
and  R’  correspond  to  the  (Eu,Ce)  aj\d  (Ba,Eu)  sites,  respectively. 


i 

'0. 

1 

0^ 

■  m 

/? 
Ca 

Cu 
R' 
Cu 

•  R 


•  • 


< - > 

a -3.8  A 


Figure  10.  Schematic  structural  model  of  R2R’2 
CU3O,.  Circles  indicated  by  R  and  R’  correspond  to 
the  same  construction  in  Figure  9. 
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Structural  parameters  of  Oxygen  atoms  in  (Eu,Ce,Ba)4Cu309-.i  could  not  be  determined,  by  the  neutron  diffraction 
because  the  neutron  diffraction  is  not  applicable  to  the  Eu-containing  compound  owing  to  a  very  large  absorption  cross 
section  of  Eu.  Therefore,  has  (Nd,Ce,Ba)4Cu309-,i[13]  isomorphous  with  (Eu,Ce,Ba)4Cu309-i  compound  was  used  for  ihg 
TOF  neutron  Rietveld  analysis.  The  results  confirm  the  basic  structural  features  of  (Ln,Cc,Ba)4Cu309_,  determined  by 
X-ray  Rietveld  analysis. 

The  crystal  structure  of  the  Eu-Ce-Ba-Cu-0  system  is  shown  in  Figure  12.  The  unit  consists  of  two  parts:  the  upper 
and  lower  slabs  correspond  to  the  Nd2Cu04-type  structure  and  the  center  part  exhibits  Cu-0  pyramids  and  a  deficient 
perovskite  structure.  In  the  Cu-0  frame,  the  structure  is  very  similar  to  tetragonal  YBa2Cu307_y. 

We  wish  to  thank  Prof.  K.  Kitazawa  and  Dr.  K.  Kishio  (  The  University  of  Tokyo  )  for  the  SQUID  measurements.  Wo 
also  wish  to  thank  Dr.  Y.  Matsui,  Dr.  S.  Horiuchi  and  Dr,  F.  Izumi  (  National  Institute  for  Research  in  Inorganic  Materials 
)  for  their  invaluable  help  and  useful  discussions.  We  also  wish  to  thank  Dr.  H.  Fujiki  (Aoyama-Gakuin  University)  for 
useful  discussions. 
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Figure  11.  Rietveld  refinement  of  an  X-ray  difFraxrtion  pattern  of  (Euo.stCco  .33)a( 
Bao.gTEuo.aalzCuaOg-,. 


Figure  12  Crystal  structure  of  the  (Euo.670eo.33)2(Bao.67Euo.33)2 
CuaOg-,.  4c)  site  is  oxygen-deficient  (see  Table  III). 


Table  III. 

Strjicture  parameters  in  (F  /Ceo.33)2(Bao.67Euo.33)2Cu30,o>. 
(Z— 2).  Estimated  standar  /iations  in  parentheses  refer  to  the 
last  digit  printed.  B  is  tl  .>tropic  thermal  parameter.  The  oc¬ 
cupation  factors,  g,  of  E’  j  and  Ba  are  fixed  at  0.67,  0.33  and  0 
for  site  R,  and  at  0.33,  '  1  0.67  for  site  R’, 
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R 
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0 

0.2942(2) 

1 

0,6(2) 

R’ 

4e 

0 

0.4245(2) 

1 

1.1(2) 

Co{l) 

2a 

u 

0 

0 

0.85(5) 

2.2(12) 

Cu(2) 

4e 

0 

0 

0.1423(8) 

1 

1.1(3) 

0(1) 

4c 

0 

1/2 

0 

0.27(15) 

2.7(8) 

0(2) 

4e 

0 

0 

0.0664(27) 

1 

2.7(8) 

0(3) 

8g 

0 

1/2 

0.3535(19) 

1 

2.7(8) 

0(4) 

4d 

0 

1/2 

1/4 

1 

2.7(8) 

•  Eu.Ce 

•  Ba,Eu 

•  Cu 

O  0 

O  0(Ac) 


XJ 


S. Suzuki,  M.VVatanabe  and  H.Sawa;  Jpn.  J.  Appl.  Phys.  27(1988)11859 

...uzuki,  M.VVatanabe,  J.Akimitsu,  ir.Matsubata,  H.Watabe,  S.Uchida,  K.Kokusho.  H.Asano  F  and 
„„,.Muromachi:  Nature  337(1989)347.  izumi  and 

K.Ol.ara,  J.Akimitsu,  Y.Matsui  and  S.Horiuchi;  J.  Phys.  Soc.  Jpn.  58(1989). 

.-Muromachi,  Y.Matsui,  Y.Uchida,  F.Izumi,  M.Onoda  and  K  Kato-  Inn  , 

cc  ..  ^  •'P"-  J- Appl.  Phys.  27(1988)1,2283. 


Ref<-rences 
I  I  \kiinit.su,  S. 

J  |[  s.iwa. 
i;  i-.ik.ivAina- 

I  ll.Sav^a. 

I  i:  lakayama'  ,  jpn.  j.  Appl.  Thys.  27( 

K  PstKla,  M. Tanaka,  J.Sakanoue,  H.Sawa,  S.Suzuki  and  J.Akimitsu:  Jpn.  J.  Appl.  Phys  28(1989)L389 
„  Mokura,  ll.Matsubara,  H.Watabe,  M.Sakai,  H.Ikeda,  S.Okuda,  S.Tanaka,  H.Takagi  and  S.Uchida-  (preprint) 

;  K.lrumi,  E.Takayama-Muromachi,  A.Fujimori,  T.Kamiyama,  H.Asano,  J.Akimitsu  and  H.Sawa  :  Physica  C  1581 1989 U. in 
<  jt.  I). Shannon:  Acta  Crystallogr.  A32(1976)751.  ^ 

•1  F  lzunii:  J.  Crystallogr.  Soc.  Jpn.  27(1985)23. 

I„  r.Tamegai,  Y.tye,  M.Ogata,  K.Obara  and  J.Akimitsu; Jpn.  J.  Appl.  Phys.  28(1989)L1537. 

II  K  Tsiida,  M.Tanakaand  J.AkimitsurJpn.  J.  Appl.  Phys.  28(1989)11552. 

I .  F  hurni,  S.Takekawa,  Y.Matsui,  N.Iyi,  H.Asano,  T.Ishigaki  and  N.Watanabe:  Jpn.  J.  Appl.  Phys.  26(1987)LlG,fi 
It  F  Iriimi,  II.Kito,  H.Sawa,  J.Akimitsu  and  H.Asano.-Physica  C  160(1989)235 


18 


Oxygen  Contents  and  Superconductivity  in  Several  High-Tc  Oxides: 
Ba^  _^K^Bi02_  g  ,  Tl2Ba2CuOg_  ^ ,  PbBaSrYCu^Oy ^ 
and  Ndi  _g5_jjMj^Ceg_i504_  j  (M=La,  Sm) 
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Oxygen  contents  of  several  high  Tc  oxides  were  determined  by  thermo¬ 
gravimetry  (TG)  and  iodometric  titration  method,  and  their  effects  on 
superconductivity  were  discussed.  Ba-j  _j^Kj^Bi03 _  -  showed  remarkable  oxygen 
vacancy  amounting  to  6'^-0.5,  if  annealed  in  N2  atmosphere.  Tc  observed  for 
0.35<x<0.5  decreased  with  increasing  6s  electron  cocentration  and  Bi-0 

distance  (=a/2),  which  were  both  increasing  functions  of  6  ,  and  a  metal- 

o. 

insulator  transition  occurred  at  about  a=4.30  A,  Non-superconductivity  in 
Tl2Ba2CuOg_^  ( 6'^.0 )  due  to  over-doping  of  charge  transfer  Tl^“^- (Cu-O)P  was 
turned  into  a  superconducting  state  by  formation  of  a  small  amount  of  oxy¬ 
gen  vacancy.  The  highest  Tc  value  of  85  K  was  achieved  by  an  optimum  value 
of  6'\v0.15.  PbBaSrYCu^Oy  with  a  structure  derivative  of  Pb2Sr2YCu20g  showed 
a  reversible  structural  transition  at  about  580  C  with  oxygen  content  change 
from  y=7.0  to  y=8.2.  Tc  in  La  and  Sm  substituted  Nd^  85^^0 
measured  for  the  specimens  with  6'\.0,03  and  discussed  in  terms  of  Cu-0  bond 
length . 


1 .  Introduction 

Importance  of  oxygen  contents  on  the  superconducting  property,  particularly  on  Tc, 
of  high  Tc  oxides  was  first  explicitly  recognized  in  YBa2Cu30-7_^^  ( YBCO )  system,  in 
which  Tc  of  90  K  was  found  for  0<6<0.2,  and  superconductivity  vanished  for  6>0.8 
[1,2].  Conditions  for  superconductivity  in  YBCO  were  demonstrated  in  a  more  extensive 
fashion  as  oxygen  content  vs.  carrier  concentration  diagram  for  the  La(Ba)  and  Ca(Y) 
substituted  system  by  Tokura  et  al.  [3].  Simple  stoichiometric  compounds  of  the  YBCO 
system,  as  far  as  cations  are  concerned,  greatly  help  the  development  of  such  notion, 
because  single  phase  materials  can  be  prepared  rather  easily  and  precisely  charac¬ 
terized  with  the  oxygen  content. 

However,  implication  of  oxygen  contents  on  the  superconductivity  in  the  later 
found  more  complex  compounds  such  as  layered  structure  type  Bi  and  T1  systems  and 
Ba-|  _j^Kj^Bi03 _^  ( BKBO)  system  has  not  been  fully  elucidated  so  far,  not  to  say  being 
neglected,  partly  due  to  the  complexity  of  composition  and  structure  which  makes  the 
synthesis  of  single  phase  material  rather  difficult,  and  also  partly  due  to  difficulty 
in  determining  the  oxygen  content  with  sufficient  precision  for  the  discussion  of  its 
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-e  on  the  superconductivity  because  of  involvement  of  heavy  atoms  like  Bi 

signify  ^  the  determination  of  oxygen  contents  with  accuracy  for  the  high 

not  easy  task,  although  it  is  indispensable  for  the  origin  of 
<ides  IS  n 

ronductivity. 

3f  the  present  work  is  to  establish  reliable  methods  for  the  analysis  of 
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^/^ntpnt  and  to  apply  them  to  the  actual  determination  of  the  oxygen  content 

oxygen  ^onrex 

,  -omolex,  but  important  systems  such  as  T1  system  or  BKBO. 

in  several  ^  f 


2.  Experimental 

Oxygen  contents  of  the  specimens  are  to  be  determined  for  the  single  phase 
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1  either  by  thermogravimetry  or  iodometric  titration  method.  Desorption  or  ab- 
”^rption  of  oxygen  can  be  measured  as  a  small  weight  change  by  a  thermobalance.  Ab- 
lute  value  of  oxygen  contents  can  be  determined  by  reducing  the  material  in  hydrogen 
tmosphere  [4]-  most  high-Tc  Cu  oxides  only  Cu  components  are  reduced  to  Cu  metal 

by  heating  to  above  SOO^C,  whereas  other  components  generally  remained  as  stable  com¬ 
ponent  oxides  upon  decomposition.  However  this  method  is  not  applicable,  if  multi- 
lent  elements  are  concerned  or  reduction  products  are  not  evaluated  as  simple  metals 
oxides.  The  method  has  not  been  successful  in  absolute  determination  of  oxygen 
contents  for  the  BKBO  system,  although  relative  change  of  oxygen  contents  can  be 
rather  easily  evaluated  in  N2  or  O2  atmosphere. 

Iodometric  titration  is  an  alternative  method  for  determining  the  absolute  value 
of  oxygen  contents  [5].  In  this  method,  the  oxide  material  is  to  be  dissolved  by 
hydrochloric  acid  under  the  presence  of  I~.  Since  the  ionic  state  of  Cu  in  strong 
acidic  solution  is  monovalent,  higher  valence  Cu  in  solids  contributes  to  the  produc¬ 
tion  of  I2/  proportion  to  the  difference  with  monovalent  Cu ,  However,  existence  of 
other  multivalent  metal  ions  prevents  unambiguous  determination  of  Cu  valence. 

The  method  is  successfully  applied  to  BKBO,  in  which  the  trivalent  Bi  is  stable 
in  hydrochloric  acid  solution  and  excess  valence  of  Bi  can  be  detected  by  production 
of  l2-  this  case,  rather  strong  yellow  color  of  Bil^“  ions  disturbs  visual  judg¬ 

ments  of  color  change  at  the  end  point  in  titration  of  I2  hy  sodium  thiosulfate 
solution.  This  difficulty  will  be  overcome  by  using  autotitrator ,  by  which  potential 
change  at  the  end  point  of  titration  is  electrically  detected. 


3.  Results  and  discussion 
3.1  BKBO  system 

Discovery  of  a  superconductor  Ba-j  _j^K^Bi02_  ^  (BKBO)  [6-8]  with  Tc  =  30  K  opened 

another  new  route  to  high  T^  oxides  besides  Cu-based  oxides.  There  are  marked 

similarities  between  BKBO  and  previously  known  BPBO  ( BaPbj^Bi-|  _^02 )  [9].  Both  systems 
are  three  dimensional,  s-electron  superconductors  with  the  perovskite  structure. 
Semiconducting  CDW  state  in  BaBi03  is  brought  into  cubic,  metallic  state  by  substitu¬ 
tion  of  either  Bi  by  Pb  in  BPBO  or  Ba  by  K  in  BKBO,  thereby  reducing  the  number  of  6s 

electron  and  contracting  Bi-0  bond  length.  In  BKBO,  however,  BiOg  octahedral  network 
in  the  perovskite  structure  is  not  disturbed  by  K  substitution  for  Ba ,  in  contrast  to 
the  Pb  substitution  for  Bi  in  BPBO.  This  might  be  a  cause  for  higher  Tc  in  the  former 
than  in  the  latter.  Another  marked  discrepancy  lies  in  that  BKBO  has  an  easier  ten¬ 
dency  for  oxygen  loss  because  of  monovalent  K  substitution,  different  from  BPBO  in 
which  tetravalent  Pb"^"^  is  substituted  for  Bi .  In  the  present  study  [10],  oxygen  con¬ 
tents  of  BKBO(x=0.35,  0.40  and  0.50)  were  carefully  controlled  by  annealing  at 
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370-546  C  in  N2  atmosphere,  and  their  effects  on  the  unit  cell  dimension  and  Tc  were 
studied  in  detail. 

Figure  1  shows  the  variation  of  the  unit  cell  dimension,  a,  with  the  amount  of 
oxygen  vacancy, 6  ,  in  BKBO,  determined  by  iodometry  and  thermogravimetry.  Bi-0  bond 
length  which  is  given  by  a/2  in  the  cubic  perovskite  structure  linearly  increased 
with  6 .  Such  expansion  with  6  is  reasonably  understood  by  the  increase  in  the  s- 
electron  concentration,  or  decrease  in  average  Bi  valence.  Tc  determined  from  suscep¬ 
tibility  measurements  showed  a  considerable  decrease  with  increasing  number  of  s- 
electrons  and  turns  to  0  K  around  one  s-electron  per  Bi  atom,  accompanied  by  a  sudden 
transition  to  an  insulator  {Fig.2).  Such  decrease  in  Tc  can  be  considered  to  be  due 
to  the  expansion  of  unit  cell  dimension,  a,  and  sudden  disappearance  of  superconduc¬ 
tivity  as  a  result  of  metal-insulator  transition  was  observed  at  a=4.30  A,  independent 
of  the  composition  (Fig.3). 


Fig.  1  Lattice  parameters,  a,  versus  oxygen  vacancy,  6, 
of  [10]. 


Bi®’ )  (%)  Lattice  Parameter  (A) 

Fig.  2  Variation  of  with  oxidation 

state  of  Bi  in  Bai  „  [10], 


Fig.  3  Dependence  qf  on  the  lattice 

parameter,  a,  of  Bai_yK^BiOj^^  [10]. 


3.2  Ti2Ba2CuOg  (2201) 

The  simplest  member,  Tl2Ba2CuOg,  of  the  T1  layer  structure  oxides  has  shown  a 
marked  range  of  Tc  from  non-superconductivity  to  90  K  [11-14],  depending  on  the 
preparation  condition.  The  origin  of  such  diversity  in  Tc  was  recently  clarified, 
when  the  oxygen  content  was  precisely  determined  [15-17]. 

The  as-prepared  specimen  of  Tl2Ba2CuOg_ ^  in  O2  atmosphere,  which  has  presumably 
no  oxygen  vacancy,  is  non-superconductor,  owing  to  the  over-doping  arising  from  charge 
transfer  mechanism  between  Tl^"^  and  Cu^‘*'P.  Such  over-doping  can  be  relieved  by  dele¬ 
tion  of  a  small  number  of  oxygen  (or  substitution  of  Ba^"^  by  La^"^),  realizing  optimum 
carrier  concentration  favorable  for  the  appearance  of  superconductivity. 

Figure  4  shows  how  Tc  changes  with  the  quenching  temperature  of  the  specimens  an¬ 
nealed  in  O2  and  N2  atmosphere.  T^  monotonically  increased  with  increasing  quenching 
temperature  and  reached  its  maximum  value  of  75  K  and  85  K  at  Tg=800°C  in  O2  and  600°C 
in  N2  respectively.  This  change  in  T^  corresponded  to  the  loss  of  oxygen  during  heat 
treatment  in  O2  and  N2  atmosphere,  which  was  determined  by  thermogravimetric  analysis 
and  shown  in  Fig. 5.  Weight  change  was  very  slight  up  to  about  600°C,  above  which 
rapid  decrease  due  to  decomposition  was  observed. 


0  200  400  600  800 


Temperature  (“C) 

Fig,  5  Weight  change  of  Tl 2^3 2CuO^_ ^  measured  with  increasing  temperature 
at  a  rate  of  5°C/  min.  Rapid  change  above  700'^C  was  due  to  decompo¬ 
sition  [17], 
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Tc  versus  loss  of  oxygen  is  plotted  in  Fig. 6.  The  maximum  value  of  Tc  was  at¬ 
tained  at  about  6  =0.15,  which  was  cosidered  to  give  an  otimum  carrier  concentration  in 
this  compound.  The  over-doping  state  in  the  as-prepared  oxygen-annealed  2201  specimen 
is  probably  ascribable  to  the  charge  transfer  machanism  like  Tl^  ^-(Cu-O)P,  as  already 
found  in  the  2212  and  2223  specimen  [18].  Judging  from  very  similar  XPS  Tl4f  core 
spectrum  observed  in  2201  (Fig. 7)  [17]  to  those  in  2212  and  2223,  it  would  be  natural 
to  assume  the  same  amount  of  positive  charge  transferred  from  T1  to  Cu.  If  so,  the 
effect  of  charge  transfer  is  expected  to  be  very  large  in  the  single  Cu  layer  sub¬ 
stance  of  2201,  compared  with  multi  Cu  layer  substances  of  2212  and  2223  specimens, 
leading  to  non-superconductivity  due  to  over-doping.  This  situation  explains  why  such 
remarkable  over-doping  is  realized  exclusively  in  the  2201  materials. 


Loss  of  Oxygen  (6)  Fig,  ?  XPS  T1  4f  core  spectrum  of  Tl2Ba2CuO^_^^ 

[19], 


Fig,  6  Dependence  of  on  the  oxygen 
loss,  6,  of  Tl2Ba2CuO^_^  [17], 

3.3  PbBaSrYCu30y  (y=7-8.4) 

The  structure  of  a  high  Tc  oxide  Pb2Sr2YCu30g ,  first  reported  by  ATT  Bell  group 
[20],  is  different  from  the  Bi  and  Tl  layered  system,  in  that  PbO-Cu-PbO  block  layers 
interleave  perovskite  blocks.  The  tetragonal  structure  of  PbBaSrYCu30y  obtained  by 
quenching  from  830°C  in  1%02-N2,  was  recently  determined  by  high  resolution  electron 
microscopy  and  EPMA  to  be  a  derivative  of  Pb2Sr2YCu30g ,  in  which  one  of  the  PbO  layers 
in  the  PbO-Cu-PbO  block  was  missing,  and  Ba/Sr  layers  adjoined  both  sides,  as  shown  in 
Fig.  8a  [21].  Interestingly  the  remaining  PbO-Cu  block  tends  to  form  a  two- 
dimensional  short-range  cluster,  where  small  domains  with  several  unit  cell  areas  con¬ 
sisting  of  PbO-Cu  pairwise  block  alternates  with  an  anti-phase  boundary. 

PbBaSrYCu30y  was  found  to  show  an  abrupt  phase  transition  around  580  C  by  TG  and 
high  temperature  XPD,  as  shown  in  Fig.  9.  TG  clearly  indicated  a  reversible  weight 
change  due  to  desorption  and  absorption  of  1.2  oxygen  atom  per  formula  unit  upon  heat¬ 
ing  and  cooling  respectively.  The  transition  was  shown  to  be  accompanied  by  discon¬ 
tinuous  change  in  lattice  parameters  of  c  and  a.  The  structure  of  PbBaSrYCugOg ^ 2 
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shown 


in  Fig*  where  no  cation  migration  was  assumed  to  occur  during 


(&)  y 


=  7.0,  (b)  y  =  8  -h  6. 


Fig.  9  Weight  change  (top)  and  variation  of  lat 
tice  parameters  (bottom)  of  PbBaSrYCu 


[21]. 


4  Ndi,85.xM^Ceo.i504.5  (M=La,  Sm) 

Electron  superconductor  of  Nd(Ce)-Cu-0  system  [22]  gave  a  strong  impact  on  the 
■jdy  of  high  oxides.  However,  no  clear  answer  has  been  given  yet  to  the  question 
ly  only  the  specimens  treated  under  reduced  atmosphere  show  superconductivity. 


10  Dependence  of  on  Cu-0  bond  length  of  Fig.  11  Oxygen  content  versus  M  content  of 
^^1.85-x^x^^0.15C^O^^^  [23]  .  M  =  La  (o)  ^^2- •  M  ^  Ce  (circle)  and  Na 

and  Sm  (A).  Q  ;  Pr^  15^^^4~6  •  (square).  Closed  and  open  symbols  show 

specimens  annealed  in  air  and  Ar  [25]. 


In  the  present  study  [23],  oxygen  vacancy  controlled  specimens  of  the  La  or  Sm 
substituted  system  for  Nd  were  prepared,  and  the  relation  between  Tc  and  Cu-0  bond 
length  was  studied,  as  shown  in  Fig.  10.  Substitution  of  Nd  by  La  with  larger  ionic 
radius  than  Nd  decreased  Tc  in  accordance  with  the  elongation  of  Cu-0  bond,  but  small 
Sm  substitution,  which  contracted  Cu-0  bond,  did  not  change  Tc  substantially,  consis¬ 
tent  with  the  recent  result  of  pressure  effects  on  Tc  [24], 

An  attempt  to  introduce  holes  in  Nd2Cu04  by  substituting  Nd^'^  by  Na*^  was  un- 
succesful  [251.  Charge  compensation  was  completely  made  by  formation  of  oxygen 
vacancy,  as  shown  in  Fig.  11,  and  Cu  remained  as  divalent.  This  situation  is  probably 
related  to  longer  Cu-0  bond  length  in  Nd2CuO^  than  in  La2Cu04  with  the  K2NiF4  type 
structure,  as  pointed  out  by  Muromachi  et  al.  [26]. 
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Good  quality  samples  of  Pb^Sr^YQ  ^Ca^  ^Cu^Og^ .  have  been  prepared  by 
solid-state  reaction  under  low  oxygen  pressure  and  adequate  post-annealing 
in  flowing  nitrogen  gas.  The  best  sample  shows  metallic  temperature 
dependence  of  the  resistivity  above  T^..,  an  onset  of  the  superconducting 
transition  at  83  K  and  zero  resistance  at  75  K.  The  superconducting 
transition  curve  becomes  as  broad  in  the  parallel  magnetic  field  to  the 
current  direction  as  in  the  perpendicular  field,  suggesting  that  the 
broadening  is  not  simply  attributed  to  the  flux-flow  resistance.  The 
value  of  -dH^,,^/dT  is  estimated  as  1.7  -  1.8  T/K.  The  resistive  tail  in 
the  lower  portion  of  the  transition  curve  is  well  expressed  as  p  = 
Poexp{-(JQ/kBT) .  The  values  of  Uq  and  similar  to  those  of 

Bi-Sr-Ca-Cu-0  and  T1 -Ba-Ca-Cu-0 .  The  critical  current  density  shows 
hysteresis  with  respect  to  the  magnetic  field  sweep,  and  is  as  low  as  0.1 
Acm“'^  at  4.2  K  in  magnetic  fields  between  1  T  and  13  T. 

Since  the  discovery  of  high-T^,  superconductivity  in  the  La-Ba-Cu-0,  many  kinds 
of  high-T  superconductors  with  modified  perovskite  structures  including  two-dimen¬ 
sional  sheets  of  CuO^  have  been  found.  The  compound  Pb^Sr^ACUgOg^^  discovered  by  Cave 
et  al.  tn  also  belongs  to  the  high-T^.  superconductors  with  the  CuO^  sheets,  where  A 

is  a  lanthanide  Ln,  Y  or  a  mixture  of  (Ln  or  Y)  and  (Ca  or  Sr).  The  crystal  structure 

of  this  family  of  compounds  is  characterized  by  double  CUO2  pyramidal  layers,  and  the 
layer  sequence  along  the  c-axis  is  expressed  as  -A-Cu02’Sr0-Pb0-Cu0g-Pb0-Sr0-Cu02“ • 

Two  kinds  of  Cu  are  considered  to  show  different  valences:  one  is  +2  for  the  pyramidal 

CUO2  layers  and  the  other  is  almost  •►I  for  the  almost  oxygen-free  CuO^  layers,  as  are 

observed  in  non-superconduct i ng  YBa2CUg0g.  The  structure  can  be  regarded  in  the  same 
light  as  those  of  YBa2CUg0y_g,  Bi 2Sr2CaCU20g^ g  and  T1 ^Ba2CaCu20g^j^  (n=l,2),  when  the 
PbO-CuOg-PbO  triple  layer  is  replaced  by  a  CuOj^^g  layer,  a  BiO-BiO  double  layer  and  a 
TIO  or  a  TIO-TIO  double  layer,  respectively.  In  the  Pb2Sr2ACUgOg^ g  family,  the 
optimal  composition  to  attain  high-T^,  superconductivity  is  known  to  be  Pb2^^2^0.5” 

Ca^  5^'^3^8  +  S’  superconducting  quality  of  ceramics  samples  reported  so  far, 

however,  is  not  so  good.  The  transition  width  is  very  broad,  and  the  temperature- 
coefficient  of  the  resistivity  above  T^,  is  negative  in  every  ceramic  sample.  Here,  we 
report  our  success  in  preparing  ceramics  samples  of  good  quality  with  a  positive 
temperature-coefficient  of  the  resistivity  and  with  as  high  as  75  K  [23.  We 

also  report  on  measurements  of  the  resistive  transition  for  these  samples,  made  in 
various  magnetic  fields  up  to  21  T.  The  upper  critical  field  H^2’  superconducting 

fluctuation,  the  resistive  tail  at  the  lower  portion  of  the  transition  curve  and  the 
critical  current  density  are  discussed  [33. 
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Ceramic  samples  of  the  nominal  composition  Pb^^^Sr^YQ  ^Cag  5^^303  +  5  were  synth- 
^sU.ecl  by  a  two-step  solid-state  reaction.  In  the  first  step,  the  precursor  of  Sr.^- 
Cu  ,0  without  PbO  was  prepared  from  a  mixture  of  SrCO..,  Y^Oo.  CaCO.,  and  CuO. 

Yn  y 

The  wel  I'Hii  powders  wei’e  heated  in  air  at  900' C  for  5  h.  In  the  next  step,  the 

precursor  was  pulverized,  mixed  with  PbO.  pelletized  and  sintered  in  flowing  gas  of  1% 

0  in  No  ^  temperatui'e  between  90 O^' C  and  930"' C‘  for  2  li  (we  call  this  process  the 

first  heat-treatment).  Then  it  was  cooled  to  a  temperature  between  .750'' C  and  80 (r  C 

and  Kept  in  the  same  flowing  gas  for  12  h.  followed  by  quenching  in  liquid  nitrogen 

(we  call  this  process  the  second  heat- treatment ) .  Post-annealing  was  performed  in 

flowing  nitrogen  gas  at  500'’ C  for  various  hours.  After  the  second  heat  -  treatment , 

samples  of  the  single  phase  of  the  Pb^Sr.^ACu.^Og^ .  structure  are  obtained  as  shown  in 

Pig. 1(b),  but  their  superconducting  quality  is  not  so  good.  After  the  pos t -annea I i ng 

at  500'C.  the  best  result  is  attained  as  shown  in  Fig. 2.  As  shown  in  the  inset,  the 

width  of  the  superconducting  transition  becomes  narrow,  and  tlie  values  of  onset 

T  are  as  high  as  83  K  and  75  K,  respectively.  These  are  the  best  record  as  far 

\',zero 

as  we  Know.  Moreover,  it  is  noteworthy  that  positive  temperature-coefficients  of  the 
resistivity  p  are  observed  above  T^.  for  these  samples.  The  resistivity  in  the  normal 
state  decreases  with  increasing  the  annealing  time.  These  good  behaviors  are 
considered  to  be  attributed  to  the  decrease  of  crystalline  disorder  owing  to  the  post- 
^jij^ealing.  What  is  most  plausible  is  the  ordei'ing  of  oxygen  atoms  in  the  PbO  layer, 
for  these  oxygen  atoms  have  been  pointed  out  to  occupy  randomly  one  of  four  possible 
positions  around  the  symmetric  position  [41.  Another  reason  is  that  the  X-ray 
diffraction  pattern  shown  in  Fig. 1(c)  is  almost  similar  to  that  of  the  single  phase  as 
shown  in  Fig. 1(b),  although  an  unknown  small  peak  is  observed.  If  anythlngs,  the 
good  behavious  of  T^  and  p  will  be  related  to  the  ordering  of  oxygen  atoms  and/or  lead 
atoms  in  the  PbO  layer. 


T(K) 


Fig. 2.  Temperature  dependence  of  the  resistivity  p  for 
samples  post-annealed  in  flowing  nitrogen  gas  at  various 
temperatures  for  12  h.  The  inset  is  for  the  sample  post- 
annealed  at  500’  C. 
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y  shows  t  ho  tomperature  dependence  of  p  in  various  magnetic  fields 
paiMllel  to  the  current  direction.  As  the  applied  field  is  increased,  the  transition 
v'urve  becomes  broad  and  tiie  resistive  tail  extends  to  lower  and  lower  temperatures. 
This  behavior  is  similarly  observed  for  the  parallel  and  perpendicular  fields  to  the 
curi’ent  direction,  suggesting  that  the  broadening  of  the  transition  curve  in  magnetic 
fields  is  not  simply  attributed  to  the  flux-flow  resistance  due  to  Lorentz  force. 
Effects  of  the  superconducting  fluctuation  in  magnetic  fields  may  be  important  C5]. 

defined  at  the  midpoint  of  the  transition  curve,  is  shown  in  Fig. 4.  is 

found  to  be  proportional  to  T^-T,  though  it  shows  slight  positive  curvature  near 
The  value  of  -dH^^/dT  is  estimated  as  1.7  -  1.8  T/K,  which  is  compareble  to  those  of 

C8]  and  smaller  than  those  of  YBa^Cu^- 
0^_g^C9]  and  La^  g^Sr^  ClOl,  as  listed  in  Table  I.  defined  at  the 

end-point,  namely  zero-resistance  temperature,  is  also  shown  in  Fig. 4.  The  upper 
critical  field  at  0  K,  is  roughly  estimated  using  the  relation  H^,2(0)  = 

0.69T  JdH  given  by  the  WHH  theory  CllJ.  85  -  96  T  for  ciefined 

at  the  midpoint.  The  Ginzburg-Landau  coherence  length  at  OK.  ?(0),  is  estimated  from 
the  following  equation.  i  0  )=0g/27t|*'(  0 ) .  where  0q  is  the  superconducting  flux 
quantum.  ^(0)  is  estimated  as  19-20  8.  The  values  of  comparable 


T  (K) 


Fig. 3.  Temperature  dependence  of  the  resistivity  p  in 
various  magnetic  fields  parallel  to  the  current  direction. 
The  inset  is  the  temperature  dependence  of  p  in  zero  field. 


Fig. 4  Temperature  dependence  of  H^2*  defined  at  the 
midpoint  of  the  transition  curve  of  p  vs.  T  in  various 
magnetic  fields  (o.A),  and  also  defined  at  the  end-point, 
namely  zero  resistance  (*.4).  Magnetic  fields  are  parallel 
to  the  current  direction  for  sample  #28  and  perpendicular 
for  sample  #5. 


Table  I.  Superconducting  parameters  for  various  ceramic  samples  of  high-T^ 
oxides.  Symbols  raid  and  end  Indicate  that  parameters  are  defined  at  the 
midpoint  of  the  transition  curve  of  p  vs.  T  and  at  the  zero-resistance  tempe¬ 
rature,  respectively. 


Tc(K) 

-dHc2/dT(T/K) 

Hcj(0)(T) 

?(0)(«) 

mid 

end 

mid 

end 

Bid 

end 

m  id 

end 

Pb2Sr2Yo . sCa© , 5CU3O0+5  #5(HXI)  79.2 

74.8 

1.83 

1.45 

96.2 

45.4 

18. 5 

26.  9 

#28(H//I)  78.9 

75. 5 

1.  66 

1.41 

85.  1 

46.7 

13. 7 

26. 6 

BI 1 . 5Pbo . 5S r2Ca2Cu30y  [6]  105 

1.5 

110 

17 

B i 1 .4Pbo . fcS r2Ca2Cu3 . ^Oy t7]  110 

1.8 

140 

15 

TljBajCaaCusOy 

114 

1.3 

100 

18 

YBa2Cu307-s  [9J  52 

91.  3 

2.4 

1.2 

150 

60 

1  5 

23 

Lai.esSro.isCuO.-s  [10]  38.3 

35 

2.7 

71 

22 

29 


,0  those  of  cerauuc  samples  of  other  high-T^  oxides.  The  value  of  |(0.  can  be 
estimated  from  the  analysis  of  the  superconducting  fluctuation  observed  in  the  upper 
or!"l  of  the  transition  <  urve  In  the  .  vs.  T  Plot  in  zero  field,  too.  dust  above 
T  .  the  resistivity  deviates  from  the  T-linear  dependence  in  the  normal  state,  whic 


c 

is  r 


egarded  as  due  to  the  superconducting  fluctuation.  The  excess  conductivity  over 
the  normal  conductivity  is  shown  as  a  function  of  reduced  temperature  in^F.g.5. 
,ue  Vicinity  of  T..  the  excess  conductivity  is  proportional  to  (T-T^J  • 

suggesting  that  the  superconducting  fluctuation  is  three-dimensional.  Accoiding 

the  theory  bv  Aslamazov  and  Larkin  1121.  the  excess  conduct i vi t y^ i n  the  three 

^  fc  f  n From  this 

dimensional  system  is  given  by  -  ve  /.3..Ti?(0).  dT  T^  . 

eguation.  ?(0)  is  estimated  to  be  480  A.  This  value  is  much  larger  than  that 
,,tlMted  from  H  ,(0i.  This  0 1  sas.ree.ent  .ill  be  caused  by  the  underesl  i.ation  of 
the  ceramic  sa.Ple,  for  the  ,ood  aeree.ent  Is  attained  for  .el 1-s , neered 
”ipc;  of  YBa  Cu  0  C13]  and  single-crystal  samples  of  Bi ^Sr.^CaCu^Og^g  t 

:rr:o:ds  or  „  „ur  cera.,c  sa-mes  ,s  hot  intrinsic  and  Includes 

effects  of  grain  boundaries.  Better  sintering  will  decrease  the  value  of  p. 


In 


The  resistive  tail  in  magnetic  fields  shown  In  Flg.3  Is  well  expressed  as 
p  =  Pnexpi-Un/keaT).  as  shown  in  Fig. 6.  The  thermal  activation  energy  Ug  is  not  so 
depenSent  on  the  field  direction  to  the  current  direction.  As  shown  in  Fig. 7.  Ug 
decreases  with  increasing  the  magnetic  field  strength,  and  the  magnetic 

dependence  of  Ug  is  given  by  Ug  «  H  •  for  sample  #5  and  '=^  »  f^tl  e^res  i -ti  ve 

though  data  at  21  T  deviate.  The  exponential  temperature  dependence  of  the  .esi.ti 

tail  was  first  pointed  out  by  Palstra  et  al.  [15]  in  a  single  crystal  of  Bi^Sr.Ca- 
Cu,0«,,.  Later,  this  temperature  dependence  has  been  reported  for  many  kinds  of 
saipus  Of  blgh-T,  oxides,  such  as  ceramic  samples  [16.171.  highly  f 

and  single  crystals  [14.19.201.  The  activation  energy  Ug  has  been  thoug 
related  to  the  potential  energy  of  flux  pinning  and  the  resistive  tail 
discusssed  using  the  model  of  flux  creep  and  flux  flow.  This  model,  however  cannot^ 
be  simply  applied  to  our  data,  because  the  resistive  tail  and  the  va  o  q 
so  dependent  on  the  field  direction  to  the  current  direction,  though  he  'low 

resistance  due  to  Lorentz  force  should  be  Influenced  by  the  configuration  of 
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ma.jnetic  field  and  the  sai.iple  current.  If  the  ma.jnetic  flux  does  not  enter  a  sample 
straight  in  the  vortex  state  and  is  bent  by  grain  boundaries  and/or  the  crystallo¬ 
graphic  anisotropy,  the  model  of  flux  creep  and  flux  flow  may  be  essentially  true  to 
explain  the  resistive  tail.  The  value  of  Lq  in  1^^251  2^0 _ jCaQ  gCu.^Og^.^  is  close 
those  of  Bi2Sr2CaCu20g^^  [14-16.181  and  TlBa.faC.u.,0^^  [201  and  smaller  than  that  of 
YBa.)Cu0Oy  -  [181.  This  may  suggest  that  Uq  is  related  to  the  crystallographic 
anisotropy*!  for  the  anisotropy  of  Pb2Sr2yo.5^'^0.5^'-‘;3'^8+8  similar  to  those  of 
Bi.,Sr.>CaCu.,Og^g  and  TlBa2CaCu20y  and  larger  than  those  of  YBa2Cu30y.5. 

Figure  8  shows  J.  at  4.2  K  in  magnetic  fields.  drastically  decreases  in  Mie 

low  field  region  and  is  almost  constant.  0.1  Aan"“.  in  magnetic  fields  between  1  T  and 
13  T.  Hysteresis  with  respect  to  the  magnetic  field  sweep  is  observed  in  low  magnetic 
fields.  These  magnetic  field  dependence  and  hysteresis  are  often  observed  in  ceramic 
samples  of  high-T^,  oxides  1211.  These  are  considered  to  be  due  to  inhomogeneous 
superconductivity^  namely  weak  superconducting  regions  in  a  ceramic  sample.  Ai -cording 
to  the  theory  by  Tachiki  and  Takahashl  [221.  a  large  value  of  the  intrinsic  J,,.  is 
expected  for  layered  high-T^  oxides  with  a  larger  lattice  constant  than  ?(0)  along  the 
c-axis.  That  is.  the  complicated  layer  structure  along  the  c-axis  Itself  is  thOLight 
to  work  as  strong  pinning  centers  of  vortices.  If  this  is  true,  a  large  is 

expected  in  Pb^Sr.^Yg^Cag  ^CUgOg^g  whose  crystal  structure  along  the  .c-axis  is  very 
complicated.  As  far'as  our  samples  are  concerned,  however.  is  not  large  and  is 
considered  to  be  limited  by  grain  boundaries  and  anisotropy  rather  than  the  intrinsic 
pinning  force.  In  order  to  attain  high  in  Pb2Sr2Yo_5CaQ  gCu^Og^g.  it  will  be 
necessary  to  prepare  highly  oriented  films  or  single  crystals,  as  studied  for  other 
hlgh-T^  oxides. 


F19.7.  Ma9netlc  field  dependence  of  the  activation  energy  Fig. 8.  Magnetic  field  dependence  of  on  increasing  field 

U  .  Magnetic  fields  are  parallel  to  the  current  direction  (OJ  and  on  decreasing  field  (•). 

for  sample  #28  (A)  and  perpendicular  for  samples  #5  (o). 
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Thallium-Substitution  Effects 
in  Ferroelectric  Bismuth  Layer-Oxides 
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Tha 1 n urn- subs t i tu t ed  ferroelectric  bismuth  layer-oxides  having 
nominal  compositions  such  as  PbBi2-x^*x^^2^9’  synthe¬ 

sized.  The  effect  of  substitution  were  pursued  by  measuring 
dielectric  constants  and  the  powder  X-ray  diffraction  lines  as 
a  function  of  thallium  concentration  x. 


1 .  introduction 

In  the  recent  progress  of  oxi des-superconduc tors  researches,  the  bismuth 
layer-structure  is  one  of  stimulated  interests.  These  materials  C- 1-4]  have 
structures  with  interleaved  Bi202  layers  and  per o vsk i t e- 1 i ke  layers  consists  of 
CuO-pyramids  or  planes,  and  the  materials  with  TI2O2  or  TIO  layers  instead  of 
Bi202  have  also  been  found  C5,6]. 

These  systems  are  similar  in  structure  to  the  ferroelectric  Bi^Ti30j2" 
family  also  having  structures  with  interleaved  81203  layers  and  various  numbers 
of  per 0 vs k i t e- 1 i ke  layers  which  consist  of  o c t ah ed r o n - n e t wo r ks  such  as  TiO0  , 
NbOg  C7.8]  . 

In  the  present  report,  our  interest  is  put  to  investigate  whether  the  Bi202 
layer  can  be  replaced  by  TI9O2  layer  in  the  series  of  B  i  ^  T  i  3  0  j  3  "  ^  ^ ^  X 
ferroelectics.  For  this  purpose,  we  have  synthesized  systems  having  nominal 
compositions  as  MB  i  3 1  ^9  *  (  M=  Ba  .  S  r  ,  Pb  ,  x<  2  )  .  Here  we  wish  to  report  X-ray 

powder  diffraction  and  temperature  char ac t er i c i ty  of  dielectric  constants  of 
these  T 1  - s ubs t i t u t ed  systems  and  to  discuss  potentiality  of  Tl-ion  for  the 
formation  of  these  kinds  of  layer -  oxide  in  connection  with  high-T^ 
superconducting  Tl-layer  materials. 

2. MATERIAL  SYNTHESES 

Materials  synthesized  here  are  listed  in  Table  1  C93.  All  end-members  have 
a  structure  with  p s e u d 0 - p e r 0  vs k i  t e  layer  of  MNb207  having  two  NbOg- 
octahedrons,  interleaved  between  31309  layers,  as  schematically  shown  in  Fig.l. 
The  present  purpose  is  to  substitute  T1  into  the  Bi-site  in  the  81302  layers. 

Starting  materials  are  oxides  and  carbonates  of  each  metal.  Because  of 
toxicity  and  high  volatility  of  trivalent  thallium  oxides,  the  following  firing 
condition  was  adopted.  The  pellets  of  starting  mixture  were  wrapped  with 
platinum  foil  and  put  into  a  fused-quartz  tube  filled  with  oxygen  gas.  This  tube 
was  pulled  down  into  a  furnace  preheated  at  95  0*C.  After  2  hours  firing,  it  was 
pulled  up  and  rapidly  cooled  down  to  ambient  temperatures.  The  loss  of 
T1  was  estimated  to  be  less  than  20  %  from  the  weight-check  before  and  after 
firing. 
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#i-l  BaBi2^'b20g 
#  I 2  B aB  i  ^  5  T  1  Q  5  N b 2 Og 
#1-3  BaB  i  I  qT  1  gNb  2  Og 
#1-4  BaTl2 

#2-1  SrBi2Nb20g 
#2-2  SrBi|5TlQ5Nb20g 
#2“3  BrBi2^  QTlj  QNb20g 
#2-4  SrTl2  o^'^2^9 

#3-1  PbBi2Nb209 
#3-2  PbBi 1 . gTIg. 

#3-3  PbBij5TlQ5Nb20g 
#3-4  PbBi 1  . 0^  ^ I  . 0^^2^9 
#3-5  PbTl2.o^^2^9 


Table  1. Nominal  compositions 


Fig.l  MBi2Nb20g  -  structure 
(after  ref,C83). 


synthesized  [93. 


3  .X-RAY  POWDER  DIFFRACTION 

The  powder  X-ray  diffraction  pattern  was  checked.  As  one 
results  for  #2  are  shown  in  Fig. 2.  For  the  concentration  range  x<l 
showed  the  pattern  similar  to  that  of  the  end-member,  but  for  x=2 
phase  seems  to  be  realized.  The  same  tendency  was  observed  in  #1, 
a  foreign  phase  appeared  in  rather  low  concentration  range.  We 
performed  f u 1 1  - i de n t i f i ca t i o n  of  these  diffraction  patterns. 


,  11) 
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have  not  yet 


Fig. 2  X-ray  powder  diffraction  from  the  system  S rB i 2 - ^ x^^2^9 ‘ 
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the  series  hero  has  also  been  reported  by  Takenaka  CllK  The  aim  of  these 
investi^?aiions  is  to  lower  fei'roolectric  T(-’s  as  a  practical  use  of  high 
(ii<'lcctric  constant  materials  around  I'oom  temperature  region.  In  such  cases,  the 
lowctMng  of  ferroelectric  Tq  with  substitutions  has  been  observed,  in  contrast 
to  the  tendency  observed  here.  Although  substantial  amount  of  Tl-inclusion  is 
still  open,  the  present  result  gives  a  possibility  to  imply  that  an  amount  of  T1 
canbesoIubleintoBi902layers. 

However,  within  the  present  firing  condition,  it  seems  to  be  difficult  to 
synthesize  a  layer-material  like  MTl9N'b20g  ,  which  is  fully  replaced  by  TI2O9 
layer.  This  situation  is  very  different  from  tt^e  case  of  Tl-double  layer  high- 
Tq  superconducting  materials.  Ideally  the  TI2O2  layer  has  the  charge  of  +2e  as 
well  as  Bi202  layer,  but  generally,  trivalent  Tl-ions  tend  to  be  ruduced  to 
monovalent  during  firing  at  high  temperatures.  If  a  certain  amount  of  TI  reduced 
are  introduced  into  Bi-sites  in  the  present  Bi-layered  structure,  the  excess 
char'ge  of  the  layer  like  deviates  from  ideal  one.  This  deviation 

will  lead  to  no n - compe n s a t i 0 n  of  charges  with  the  p s eud 0 - pe r 0 vs k i  t e  layer. 

On  the  other  hand,  this  condition  is  not  so  crucial  in  Tl-double  layer 
high-T^  superconductive  materials.  Because  as  a  common  nature  of  the  high-jQ 
superconductive  materials,  the  pseudo-perovskite  structures  of  CuO  are  always 
accompanied  withanoxygen-deficiency  and  a  mixed  valent  state  of  Cu-ions.  This 
obviously  gives  advantage  to  compensate,  such  a  deviated  charge  of  the  TI9O2 
layer,evenifitismuch  reduced. 

We  need  to  conduct  more  detailed  systematic  works  in  further  understanding 
of  such  a  difference  between  Bi-Iayered  f e r roe  I ec t r i cs  and  superconductors. 

We  wish  to  thank  Prof.  K. Sakata  and  Dr.  T. Takenaka  of  Science  University  of 
Tokyo  for  giving  us  valuable  informations  of  Bi  1  ay e r ed - 0 x i d e s . 
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preparation  and  Characterization  of  Certain  Cu-Oxides  Stabilized  in  Layered 
Structures  by  the  Use  of  High  Pressures  and  High  Oxygen  Pressures 
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(La,  Nd)2^^^44-^  >  ACUO2  (Ai  R2CuO^  (Ri  Y,  Dy ,  Ho,  Er,  Tm) 

crystallizing  in  the  Nd2Cu04-type  structure  with  or  without  using  KCIO^  as  an 
oxygen  donator.  Related  layered  oxides,  Sr2Fe04 ,  Sr3Fe207,  and  ( La , Sr) 2Ni04 , 

in  which  the  metallic  3d  levels  almost  overlap  the  oxygen  2p  levels  and 
’’unusual*'  electronic  states  are  realized,  have  also  been  studied. 


All  the  "High-To”  Cu-oxide  superconductors  commonly  contain  two-dimensional  CUO2 
sheets.  A  pair  of  Cu  ions  neighboring  each  other  within  a  sheet  share  a  coordinating 
oxide  ion,  while  a  pair  of  Cu  ions  separated  from  each  other  in  subsequent  sheets  are 
never  connected  in  that  way.  Blocks  like  /SrO/BiO/BiO/SrO/  and  sheets  like  /Ca/  inter¬ 
vene  between  successive  CUO2  sheets  [1,2],  and  these  play  an  essential  role  in  control¬ 
ling  oxidation  and  reduction  of  the  CUO2  sheets.  Magnetic  coupling  between  subsequent 
CUO2  sheets  must  be  stronger,  if  the  intervenient  blocks  are  thinner.  It  is  a  tempting 
idea  to  relate  the  well-known  increase  in  Tc  with  m  in  Bi2Sr2Cajj^„^CUjjj02  to  development 
of  three-dimensional  magnetic  correlation.  On  the  other  hand,  Tl2Ba2Cu02  changes  its  Tc 
from  OK  (normal  metal  state)  to  above  80  K  as  oxygen  content  is  decreased  only  by 
Az  =  -0.1  [3].  Since  the  increase  in  Tc  is  not  terminated  by  saturation  but  by  a  struc¬ 
tural  instability  due  to  oxygen  reduction,  the  Tc-upon-m  dependence  in  Tl2Ba2Cajjj_j^CUj^02; 
is  much  less  remarkable  than  that  for  the  corresponding  Bi-based  series.  It  may  be 
factors  like  energy  gaps  between  Cu  36.^2,  Cu3djj.2_y2 ,  and  02p^  influenced  by  structural 
details  that  most  strongly  affects  ,  rather  than  the  development  of  a  three  dimen¬ 
sional  magnetic  correlation  with  increasing  m. 

Thus,  detailed  studies  of  the  composition  and  structure  of  the  intevenient  blocks 
and  sheets  are  very  important  from  the  viewpoint  of  solid  state  chemistry.  And  finding 
of  new  types  of  blocks  should  have  great  impact. 

It  is  interesting  to  notice  here  that  lattice  mismatch  between  a  CUO2  sheet  and  an 
intervening  block  often  modifies  the  composition  and  structure  of  the  block.  For  exam¬ 
ple,  La«CuO.  tends  to  be  excess  in  oxygen,  and  this  tendency  may  be  caused  by  such  a 

1/2 

mismatch.  The  tolerance  factor  for  this  compound,  t=(rj^^3+  +  rQ2-)/2  ^^Cu^^  ^ 

is  considerably  smaller  than  the  ideal  value  of  unity.  Incorporation  of  excess  oxygen 
into  interstitial  sites  between  a  pair  of  LaO  layers  as  suggested  Jorgensen  et  al  [4]. 

be  interpreted  to  contribute  to  relaxing  the  mismatch  by  expanding  the  LaO  lattice, 
li"  so,  substitution  of  a  smaller  rare  earth  ion  like  Nd^'*’  for  La^'*'  would  enhance  the 
above  tendency.  According  to  our  experience,  in  fact,  the  Nd-for-La  substitution 
strongly  facilitates  the  oxygen  incorporation,  and  a  bulky  superconductor  with  Tc=38K 
been  formed  by  treating  La^^  2^^^z  1050  *C  for  0.5h  [5].  The 
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The  elongation  of  the  c  axis  due  to  oxygen  incorporation  is  remarkable. 


other  hand,  Tc=45K  according  to  a  preliminary  study  of  La2Cu02  prepared  in  a 


similar 


way  ■ 


m 


the 


•  4.  cimilarlv  to  the  above,  excess  oxygen  is  incorporated  in  the  superconductors 

Quite  s ijjij- O' 

Bi-Sr-Ca-Cu-O  system,  not  randomly  as  above  but  in  an  ordered  way  in  "Bi-dilute" 
;].  And  this  causes  a  structural  modulation.  The  m=l  phase  has  exact  composi- 


.-ections  [6- 

a,-  sro  0,  (0.1<x<0.6  and  0<y<x/2)  ,  and  superconductivity  can  be  seen 

tions  of  Bi2+x'^  2-x  l+y  z 

■  for  0  1  <x<0.13  as  reported  already  [7],  This  means  that  the  positive  charge  due 

Bi/sr>l  composition  is  overcompensated  by  excess  oxygen.  Tc  is  7K,  being  only 
that  of  the  2223  phase  and  only  1/12  that  of  Tl2Ba2Cu02.  One  possibility  of  the 
reduction  may  be  assigned  to  the  serious  puckering  of  the  CuOg  sheet  in  the 
^'^duiated  structure.  By  substituting  large  Pb^"^  for  small  Bi^'^,  a  modulation  free  phase 
been  found  to  be  formed  [8].  The  ED  patterns  and  TEM  image  shown  in  Fig.  1  reveal 
absence  of  any  modulation.  Tc  is  raised,  however,  to  only  16K  at  the  present  stage. 
It  was  found  by  Tokura  et  al .  [2]  that  CUO2  sheets  without  any  apical  oxygen  atoms 
^how  superconductivity  if  these  are  reduced  and,  therefore,  carry  excess  electrons. 
Since  before  this  finding  the  role  of  the  central  CUO2  sheet  having  no  apical  oxygen 
atoms  in  the  m=3  phase  in  the  Bi-  and  Tl-  based  2223  phases  has  long  been  puzzling  for 
the  present  authors,  and  preparation  and  characterization  of  ACUO2  (A:  alkaline  earth) 
have  been  tried.  SrCu02,  for  example,  can  be  obtained  easily  under  ambient  pressure  but 
does  not  crystallize  in  layered  structure.  However,  application  of  high  pressure  in¬ 
duces  a  structural  transition  to  the  desired  structure  in  which  single  CuOg  sheets  and 
single  Sr  sheets  are  stacked  alternatively.  The  high  pressure  phase  has  a  higher  densi¬ 
ty.  The  composition  range  stabilized  in  this  structure  under  60  kb  ranges  at  least  from 


80  90 


20  (Cu  Ka) 

Fig.  3  XRD  pattern  of  Y2CuO^  crystallizing  in 
the  Nd^CuO^-type  structure  stabilized 
under  high  pressure. 


Fig.  4  Lattice  constants  (a/2  = 
Cu-0  bond  length)  of 


R^CuO^  crystallizing  in 
the  Nd^CuO^-type  struc¬ 
ture  . 
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A=Ba^/3S^2/3  course  of  this  study,  Siegrist  et  al .  and  Yamane  et 

al .  [9,10].  reported  that  this  strucutre  can  be  formed  around  A=SrQ  j^CaQ  g  even  under 
ambient  pressure.  The  composition  dependence  of  the  lattice  constants  is  shown  in  Fig. 
2  . 

Another  result  obtained  by  using  high  pressure  concerns  stabilization  of  the 
Nd2Cu04-type  structure  for  small  rare  earth  ions,  Y,  Dy,  Ho,  Er,  and  Tm  [11].  Under 
ambient  pressure  R2CUO4  with  R  ranging  from  Pr-Gd  is  stabilized  in  this  structure.  By 
treating  under  6x10^  atm  at  950*C  the  range  of  R  has  been  found  to  be  widened.  The  XRD 
pattern  of  nearly  monophasic  YgCuO^  is  shown  in  Fig.  3,  and  the  cell  constants  are 

plotted  as  a  function  of  R  in  Fig.  4.  In  the  Nd2Cu04-type  structure  an  R  ion  is  in  a 

cubic  eight-fold  coordination  of  oxyde  ions.  From  a  simple  geometrical  consideration  it 
is  expected  that  there  holds  a  relation  of  rjj/rQ^O.73  between  the  ionic  radii  of  R  and 
oxygen.  It  ranges  from  0.81  to  0.76  for  R=Pr-Gd  for  which  the  NdgCuO^  type  structure 
can  be  stabilized  under  ambient  pressure.  The  range  can  be  extended  under  the  high 
pressure  used  over  0.74  to  0.71  for  R=Y-Tm.  Thus,  the  simple  rule  for  the  eight-fold 
coordination  of  rp/rQ^O.73  may  be  considered  to  be  slightly  relaxed  by  using  the  high 
pressure.  The  tetragonal  cell  constants,  a  and  c,  decrease  linearly  with  decreasing  R 
ion  size  till  Yb  destabilizes  this  structure.  It  is  remarkable  that  the  Cu-0  bond  is 
shortened  to  0.1922nm  at  R=Tm.  This  value  is  nearly  the  same  as  that  in  CaCu02  (see 
Fig.  2)  and  also  as  those  in  La2SrCu20g  (=0.193nm)  and  La^^  gCa^^  1^^2^6  in 

both  of  which  the  Cu  ions  are  coordinated  square  pyramidally.  Injection  of  carriers  to 

these  two  kinds  of  high  pressure  phases  is  under  way. 

Another  challenge  to  solid  state  chemists  would  be  to  find  "High-T^"  superconduc¬ 
tivity  in  compounds  containing  transition  metals  other  than  copper.  It  is  interesting 
to  notice  that  the  metallic  3d  levels  decrease  in  energy  as  the  atomic  number  in¬ 
creases.  These  approach  and  may  overlap  the  oxygen  2p  levels  and,  as  a  result,  various 
unusual  electronic  states  are  realized.  In  perovskites  containing  Fe"^"^  like 
Cai_xSr^Fe03  and  Sr j^_^La^Fe03 ,  ^  charge  disproportionation  formed  as  2Fe'^'^(t2g^ 

eg^)-^Fe^^^^  )+Fe^^"‘^  ^■*'(t2g^  )  generally  occurs  at  low  temperatures 

[12].  The  degree  of  disproportion,  5,  strongly  depends  upon  the  kind  of  the  ”A"  ca¬ 
tion:  d =0  for  SrFeOg.  More  recently,  the  disproportionation  has  been  found  to  occur  in 
Sr3Fe207  and  Sr2Fe04 ,  suggesting  that  the  lattice  dimension  can  influence  the  ground 
state.  In  comparison  with  the  similar  case  of  BaBi  ^ ^  *^81  ^  ^  ■''O3  which  remains 

diamagnetic,  possible  contribution  of  spin-spin  interactions  between  the  Fe  ions  and 
anions  carrying  holes  should  be  examined  in  the  future. 

Structural  transport,  and  magnetic  data  for  the  system  ^  0<x<1.6, 

have  been  studied  [14].  The  oxygen  content  of  the  system  was  controlled  by  annealing 
under  various  oxygen  partial  pressures  below  150  atm.  A  Rietveld  analysis  of  the  room- 
temperature  powder  XRD  data  showed  that  the  tetragonal  distortion  of  the  NiOg  octahedra 
decreases  monotonically  with  increasing  x  for  0<.x<1.4,  but  the  La(Sr)-0(2)  bond 
length  increases  anomalously  in  the  interval  0 <x<,0 . 6 .  A  semiconductor-metal  transi¬ 
tion  decreases  monotonically  with  increasing  x  from  about  675  K(x=0)  to  20  K  (x=1.2). 
Samples  with  x>1.0  exhibited  a  weak  ferromagnetic  moment  at  5  K  and  the  onset  of  a 
positive  component  in  the  Hall  effect.  And  metallic  conduction  persists  down  to  4  K  for 
x>.2  as  shown  in  Fig. 5.  Comparison  of  the  La2_xSr^Cu04  and  Lag.^Srj^NiO^  systems  shows 
that  the  superconductive  copper  oxides  have  the  equilibrium  Cu^'*’+0^“=Cu^'^+0‘  shifted  to 
the  right  and,  for  x=0,  antiferromagnetic  correlation  in  a  half-filled  cT^2_y2  band 
whereas  the  weakly  ferromagnetic  nickel  oxides  have  the  equilibrium  Ni"^^  +  0^"  =  Ni^"^ 
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Fig.  5  Temperature  dependence  of 
electrical  resistivity  of 


e  lee  200  360 

T(K) 

:jc 

+0“  shifted  to  the  right,  but  ferromagnetic  correlations  in  a  quarter-filled  6 
band  . 

In  summary,  both  Fe"^'*'  and  Ni^"^  allow  ferromagnetic  correlations  due  to  the  elec¬ 
tronic  states  of  eg^  parentage.  Considerably  strong  antiferromagnetic  correlations  may 
be  expected  from  Ni"^  with  an  electronic  state  of  parentage,  though  studies  of 

oxides  containing  this  interesting  cation  have  been  little  reported.  The  author’s  group 
has  begun  to  prepare  and  characterize  oxides  containing  Ni  . 

The  authors  heartily  thank  his  coworkers  in  Mie  Univ. ,  Kyoto  Univ.,  Okayama  Univ., 
and  Kobe  Steel,  Ltd.  for  allowing  him  to  summarize  the  experimental  results. 
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Absence  of  superconductivity  in  the  (Lai-xSrx)2Ni04  system 
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T,  Fukuda  and  Y.  Muto 


Institute  for  Materials  Research,  Tohoku  University 
2-1-1  Katahira,  Sendai,  Japan 


The  ( Lai-xSrx) 2Ni04  system  which  is  related  to  hith-Tc  superconductor  (Lai- 
xSrx)2Cu04  has  been  studied.  The  electrical  resistivity  of  samples  (0<  x 
<0.4)  has  been  measured  between  4.2  K  and  300  K.  All  the  samples  showed 
semiconductor-like  behavior  and  we  could  not  find  superconductivity. 
Structural  and  electrical  properties  are  discussed  on  the  basis  of  powder 
X-ray  diffraction  analysis  and  resistivity  measurement. 


The  discovery  of  High-Tc  superconducting  oxides  (Lai-xAx)  2Cu04-5^ ,  where  A  is 
Ba  or  Sr,  has  initiated  a  considerable  research  effort  on  these  and  related 
compounds.  The  ( Lai-xSrx) 2^104  system,  which  has  the  K2NiF4  structure^^^ ,  is 
structurally  very  similar  to  (Lai-xSrx) 2CUO4-5,  and  so  its  physical  properties  are  of 
much  interst  in  contrast  with  (Lai-xSrx) 2CUO4-8.  Electrical  transport  and  magnetic 
properties  of  the  parent  compound  La2Ni04±8  have  already  been  reported  by  various 
groups^^"®^  Their  experiments  show  that  La2Ni04±6  is  semiconductor-like  in  the 
sense  that  at  low  temperature  its  resistivity  rises  with  decreasing  temperature  and 
has  a  metal-semiconductor  transition  at  about  500-600  K,  and  that  it  is  also  an 
antiferromagnet  with  Neel  temperature  sensitive  to  oxygen  nonstoichiometry  6.  On 
the  other  hand,  the  electrical  transport  of  Sr-doped  (Lai-xSrx) 2Ni04  was  studied  by 
J.  Gopalakrishnan  et  al.^^>  and  M.  Khairy  et  al.^"^^.  The  temperature  dependence  of 
its  resistivity,  however,  is  not  well-known.  Recently,  J.  M.  Honig  et  al.^®^ 
reported  that  the  (Lai-xSrx)2Ni04  system  became  superconducting  at  temperatures  as 
high  as  70  K,  If  this  discovery  is  verified  by  other  researchers,  it  will  become 
the  first  copperless  superconductor  with  Tc  greater  than  about  30  K.  In  the  present 
work,  we  have  studied  the  temperature  dependence  of  the  resistivity  and  the  crystal 
structure  of  the  ( Lai-xSrx) 2Ni04  system  (0  <  x  <  0.4)  in  order  to  re-examine  of  the 
superconductivity  in  this  system. 

All  the  samples  were  prepared  by  solid  state  reaction.  The  starting  materials 
La203,  NiO  and  SrCOa  of  4N  purity  were  mixed  in  the  appropriate  ratio,  pelletized, 
followed  by  pre-heating  at  1100*C  for  12  hours  in  air.  After  this  treatment,  the 
pre-heated  samples  were  ground  into  powder  again,  pelletized  and  sintered  at  1200'C 
(X  <  0.1)  or  1250“C  (0.1  <  x  <  0.4)  for  48  hours  in  air.  Furthermore  a  part  of  the 
sample  with  x  =  0.1  was  annealed  in  oxygen  gas  at  500‘'C  for  24  hours  or  CO/CO2  gas 
mixture  at  1000*C  for  20  hours.  The  flow  ratio  of  CO  to  CO2  is  1;100  or  5;100.  The 
powder  X-ray  diffraction  analyses  were  made  at  room  temperature  using  CuKq 
radiation.  Structural  calculations  were  made  with  a  least  square  method.  For 
electrical  measurements,  the  samples  were  cut  into  a  shape  of  bars.  Electrical 
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resistivity  was  measured  by  the  four-probe  method.  The  measurements  on  all  the 
samples  were  carried  out  in  the  temperature  range  of  4.2-300  K. 

The  powder  X-ray  diffraction  analyses  showed  that  all  the  samples  were 
crystallized  in  a  single  phase  with  the  tetragonal  K2NiF4  structure.  The  lattice 
parameters  (a  and  c)  calculated  from  the  powder  X-ray  diffraction  patterns  are  given 
in  Fig*l»  1^  Fig.  1,  a  decreases  up  to  x  =  0.3  with  increasing  x  and  becomes  almost 
constant  in  the  region  of  x  >  0.3.  On  the  other  hand,  as  x  increases,  c  increases 
in  low  concentrations  and  decreases  after  taking  the  maximum  value  near  x  =  0.2. 
These  x-dependence  of  the  lattice  parameters  are  nearly  consistent  with  the  results 
of  early  works  reported  by  J.  Gopalakrishnan  et  al.^^L  The  above  results  are 
explained  as  follows.  If  La^'*'  in  La2Ni04  is  substituted  by  Sr^"^,  it  is  necessary  for 
preserving  electroneutrality  that  the  valence  of  Ni  changes  from  +2  to  +3.  The 
trivalent  nickel  produced  by  Sr  substitution  is  considered  to  be  in  the  low  spin 
state  t2g®eg^.  Therefore,  the  Ni^''’-0  octahedra  are  susceptible  to  Jahn-Teller 

effect.  The  increase  of  the  c-axis  and  the  decrease  of  the  a-axis  in  the  region  of 
X  <  0.25  show  that  a  single  e^  electron  is  in  the  d3z2.^2  orbital,  and  that  the 
0  bonds  parallel  to  the  c-axis  become  longer  and  those  perpendicular  to  the  c-axis 
become  shorter.  The  decrease  of  the  c-axis  in  the  region  of  x  >  0.25  may  indicate 
that  the  orbital  of  the  above  eg  electron  changes  from  the  d3z2_^2  to  the  dx2-y2. 

Fig. 2  shows  the  temperature  dependence  of  resistivity  in  log  p  versus  1000/T 
plot.  In  the  temperature  region  of  4.2-300  K,  all  the  samples  show  semiconductor¬ 
like  behaviors.  At  lower  temperature  the  resistivity  of  the  samples  with  lower  x 
diverges.  Log  p  of  the  sample  without  Sr^'*'  substitution  (x  =  0)  is  linear  against 
i/T  above  100  K  and  shows  an  activation-type  conductivity.  The  behaviors  of  Sr^"*"- 
substituted  samples,  however,  lose  linearity  at  higher  temperature.  The  activation 
energies  calculated  from  the  initial  slope  are  shown  in  Fig. 3.  While  in  the  region 
of  X  <  0.25  they  show  no  remarkable  change,  above  x  =  0.25  they  decrease  suddenly, 
showing  that  samples  become  more  conductive.  This  result  supports  the  above 

explanations  that  near  x  =  0.25  the  electronic  configuration  changes  from 
to  t2g®dx2-y2^  and  the  c-axis  takes  the  maximum  value.  It  is  different  from  the 

concentration  dependence  of  the  ( Lai-xSrx )  2CUO4  ^  system,  which  becomes  more 
cunductive  as  x  increases. 

Furthermore,  the  samples  with  x  =  0.1  were  annealed  under  three  different 
conditions  in  order  to  change  the  amount  of  oxygen.  Fig.  4  shows  the  resistivities 
of  those  samples.  All  of  them  remain  semiconductor-like.  It  is  found,  however, 
that  the  more  deficient  sample  in  oxygen  has  lower  activation  energy,  being  more 
conductive.  Taking  this  result  into  account,  the  above  assumption  that  Sr 

substitution  is  not  accompanied  by  oxygen  defects  but  by  oxidation  of  Ni . 

In  summary,  we  have  studied  electrical  resistivity  of  the  (Lai-xSrx) 2^104  system. 
All  the  samples  show  semiconductor-like  behavior  (4.2  K  <  T  <300  K)  and  their  x 
dependence  can  be  explained  in  terms  of  the  electronic  configuration  of  Ni^'*'. 
However,  it  would  not  be  understood  by  the  same  picture  as  the  { Lai-xSrx)  2CUO4 
system.  More  experiments  are  required  for  detailed  discussions.  In  conclusion,  we 
can  not  find  any  superconducting  behavior  in  this  system  in  concentrations  below  x 
=  0.4. 
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Fig.l  Concentration  dependence  of 
lattice  parameters. 


Fig. 3  Concentration  dependence  of 
the  activation  energy. 


Fig. 2  Semi  logarithmic  plot  of  R 
vs.  1/T. 


Fig. 4  R  vs  1/T  plot  of  the  samples 

annealed  under  various  conditions 
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Carrier  Density  Dependence  of  the  Transport  Properties  of  La2^xSri^xCu20e-^y 


Tsuyoshi  TAMEGAI,  Chiho  OKADA,  and  Yasuhiro  fYE 


The  Institute  for  Solid  State  Physics,  The  University  of  Tokyo, 
Roppongi,  Minato-ku,  Tokyo  106  Japan 


The  eiFect  of  strontium  and  oxygen  content  variation  on  the  transport  properties  of  the 
La2^xSri^:cCu20e^y  system  was  systematically  studied.  Discussion  on  the  reason  for  the  ab- 
sense  of  superconductivity  in  this  system  is  given. 


1.  Introduction 

A  vast  accumulation  of  the  experimental  studies  on  the  high  Tc  superconductors  suggests  the  following 
empirical  necessary  condition  for  the  occurrence  of  superconductivity;  the  presence  of  two-dimensional 
copper  oxygen  layers  and  the  carrier  density  in  the  appropriate  range.  In  the  Xa2-r‘5r^C?/04  system  [1], 
for  instance,  superconductivity  occurs  in  the  range  of  0.05  <  x  <  0.3,  with  highest  transition  temperature 
for  X  «  0.15.  One  may  ask  a  question  whether  these  conditions  are  necessary  and/or  sufficient  for  the 
occurrence  of  high  temperature  superconductivity.  The  former  part  of  the  question  can  be  expressed 
alternatively,  whether  the  mechanisms  of  high  temperature  superconductivity  is  same  for  the  copper 
oxides  and  the  bismuth  oxides.  Another  class  of  systems  relevant  to  this  question  are  La^BaCu^Oi^^y  [2], 
and  La8-xSrj:Cus02o-y  [3],  having  three  dimensional  structure.  Though  these  compouds  show  metallic 
behavior  down  to  the  lowest  temperture,  they  do  not  show  superconductivity.  The  La2^xSri^rCu20e^y 
system  [4],  which  has  two  dimensional  copper  oxygen  double  layers  similar  to  those  in  Y Ba2Cu80-r-.yy 
may  be  relevant  to  the  latter  part  of  the  question.  Though  it  satisfies  the  above  conditions  and  shows 
metallic  behavior  at  least  around  room  temperature,  superconductivity  is  not  found  in  this  system  down 
to  0.3K  [5].  In  this  paper,  we  report  a  systematic  study  of  the  transport  properties  of  this  system  by 
varying  strontium  and  oxygen  contents. 


2.  Structure  and  Synthesis 

The  ideal  structure  of  La2SrCu20e  is  shown  in 
Fig.  1.  This  structure  is  realized  in  La2-xSri^xCu20e^y 
for  0  <  X  <  0.2.  In  the  actual  structure,  excess  oxy¬ 
gen  atoms  occupy  the  sites  between  two  neighboring 
Cu02  planes.  La  and  Sr  atoms,  not  shown  in  this  fig¬ 
ure,  share  their  sites  statistically.  In  an  isostructural 
La2-xC a^j^xCu20Qjf.y  system,  the  range  of  calcium 
content  is  much  narrower,  because  La  and  Ca  with 
their  different  ionic  radii  do  not  exchange  thier  sites 
so  easily  as  in  the  La  and  Sr  case.  The  calcium  layer 
do  not  readily  accomodate  the  excess  oxygen  atoms, 
because  of  the  small  ionic  radius  of  Ca. 


Fig.  1 

Schematic  view  of  the  idealized  structure  of 
La2SrCu20^. 
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Samples  were  prepared  by  the  standard  solid  state  reaction  of  Xa2^3>  StCO^  and  CuO*  The  final 
heat  treatment  was  performed  at  1060  °(7  for  all  samples  with  different  strontium  contents.  Single  phased 
samples  were  obtained  in  the  range  of  strontium  content  0  <  a;  <  0.20.  For  samples  with  a:  <  0,  X-ray 
peaks  of  La2-xSr^Cu04  became  decernible  as  an  impirity  phase.  On  the  other  hand,  with  increasing 
the  strontium  content  up  to  a;  >  0.15,  the  La2^xSri^xCu20e>\^y  structure  gradually  turns  into  another 
structure  with  ordered  oxygen  vacancies,  Lai^xST2^x(^'^205.5^y  [6]. 


3.  Effect  of  Oxygen  Stoichiometry 

For  a  systematic  study  of  the  effect  of  oxygen  stoichiometry,  a  batch  of  samples  with  the  strontium 
content  a;  =  0.1,  iai.95ri.iCzz206+y  were  prepared.  Sarnies  with  different  oxygen  content  were  prepared 
by  quenching  them  from  different  temperatures,  Tg.  After  fuUy  oxygenized  in  an  oxygen  flow,  samples 
were  heated  in  a  vertical  furnace  at  different  temperatures  for  20  hours  in  air.  Then  they  were  quenched 
into  liquid  nitrogen.  Figure  2  shows  the  temperature  dependence  of  the  resistivity  of  Lai^QSri^iCu20e4.y 
quenched  from  different  temperatures.  All  the  samples  show  little  temperature  dependence  around  room 
temperature,  but  upturn  of  resistivity  is  seen  at  low  temperatures.  Samples  quenched  from  higher  temper¬ 
atures  show  higher  resistivities  at  room  temperature  and  the  upturn  of  the  resistivity  occurs  from  higher 
temperatures.  It  should  be  noted  that  the  sample  quenched  from  higher  temperature  have  a  positive 
slope  around  room  temperature.  The  hole  number  per  copper  atom  estimated  from  the  Hall  coefficient 
at  room  temperature  assuming  single  carrier  conduction  is  0.056  for  the  sample  quenched  from  1000 
This  agrees  well  with  the  value,  0.05,  expected  when  the  hole  is  supplied  only  by  the  strontium.  Thus, 
the  excess  oxygen  content  is  y  «  0  in  this  high  temperture  quenched  sample.  The  behavior  of  this  high 
Tq  sample  is  very  similar  to  that  of  Lai,gCai^iCu20^,  which  has  vertually  no  excess  oxygen.  On  the 
other  hand,  for  the  furnace-cooled  Lai  QSri^iCu20e^y  sample,  the  oxygen  content  was  determined  by 
iodometry  as  y  —  0.25.  This  corresponds  to  a  hole  number  per  copper  of  0.30.  Thus,  this  furnace  cooled 
sample  may  be  classified  as  an  “overdoped”  system  in  comparison  with  other  copper  oxide  systems  which 
show  high  temperature  superconductivity. 

Figure  3  shows  the  Hall  coefficient  of  Lai,QSri^iCu20s4.y  at  room  temperature  as  a  function  of 
quenching  temperature,  Tg.  The  increase  of  Hall  coefficient  occurs  for  Tg  >  ~  500° C.  Thermogravimetric 
analyses  show  that  the  oxygen  loss  takes  place  above  450° C  in  Lai,9Sri^iCu20e-\-y  The  Tg-dependence 
shown  in  Fig.  3  is  consistent  with  this  result.  The  data  in  Fig.  3  prove  that  the  high  temperature  quenching 
process  indeed  decreases  the  hole  density  in  this  system. 


Fig.  2  Temperature  dependence  of  resistivity  of  pjg  3  coefficient  of  Lai_gSri.iCu206+y  at 

iai.gSri.iCiiQf^e+y  samples  with  different  y  pre-  room  temperature  as  a  function  of  the  quench- 

pared  by  quenching  from  different  temperatures.  temperature,  T,. 
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Figure  4  shows  the  temperature  dependence  of 
Hall  coefficient  for  Lai^^Sri^iCu20s^y  having 
different  T^.  The  Hall  coefficient  is  a  smooth  func¬ 
tion  of  the  temperature  and  slightly  increases  with 
lowering  temperature  as  in  the  case  for  fully  oxyg¬ 
enized  sample  [5]. 

Based  on  the  chemical  estimate  and  the  Hall 
measurement,  we  can  conclude  that  the  present 
series  of  iai.95'ri.iC'n206+y  samples  with  differ¬ 
ent  Tq  cover  a  rather  wide  (from  “underdoped” 
to  “overdoped”)  range  and  that  the  system  does 
not  undergo  superconducting  transition  at  any  hole 
density. 


Temperature  (K) 


Fig.  4  Temperature  dependence  of  Hall  coefficient  of 


Xai.95ri,iCu206+y  quenched  from  different  tem- 


4.  Effect  of  Strontium  Content  Variation  peratures. 

Figure  5  shows  the  temperature  dependence  of  resistivity  of  La2^xSri^xCu20Q^y  having  different 
strontium  content.  Samples  were  fully  oxygenized  by  being  furnace  cooled  in  oxygen  flow.  Regardless  of 
the  strontium  content,  all  the  sample  show  similar  metallic  behavior  around  room  temperature  and  slight 
upturn  of  the  resistivity  at  low  temperatures.  An  anomaly  due  to  the  presence  of  the  superconducting 
phase  of  La2-xSTxCu04,  is  evident  around  20K  for  the  sample  with  x  =  -0.05. 

The  temperature  dependences  of  the  Hall  coefficients  for  La2-xSTi^x^'^20Q^y  with  different  stron¬ 
tium  content  are  shown  in  Fig.  6.  Except  for  the  sample  with  x  =  —0.05,  the  Hall  coefficient  is  positive 
and  its  temperature  dependence  is  weak.  The  drastically  different  behavior  of  the  x  =  -0.05  sample 
should  be  taken  with  caution  at  the  present  stage,  because  we  can  not  estimate  the  effect  of  the  impurity 
phase  of  La2^xS^xCuO^  on  the  Hall  coefficient.  Elementary  valence  counting  teUs  that  the  hole  num¬ 
ber  per  copper  in  Xa2~x‘S'ri+xC'^206+y  Is  given  by  0.52:  -h  y.  The  roughly  constant  Hall  coefficient  for 
0.05  <  X  <  0.15  may  suggest  that  the  oxygen  content  changes  to  compensate  the  change  in  the  strontium 


content. 


Temperature  (K)  Temperature  (K) 


Fig.  5  Temperature  dependence  of  resistivity  of  Fig.  6  Temperature  dependence  of  HaU  coeiRcient  in 

La^-xSr-i^xCu^Oe+y  samples  with  different  stron-  the  Ta2-x-?^i+xC'u206+»  system  with  different 

tium  contents,  x.  strontium  contents,  z. 
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The  trend  of  the  Hall  coefficient  toward  negative  sign  with  decreasing  strontium  content  as  seen  in 
the  2  =  0  and  -0.05  samples  is  opposite  to  what  is  expected  from  the  apparent  decrease  of  the  hole 
number.  This  kind  of  behavior  may  be  related  with  the  fact  that  the  sign  of  HaU  coefficient  is  negative  for 
the  three  dimensional  copper  oxide  systems,  LaiBaCu^Oiz-y  and  Las-xSrxCusOao-y  [5].  The  excess 
oxygen  in  the  La2-xSri+xCu206+y  system  would  make  the  system  more  three-dimensional  by  connecting 

two  neighboring  Cu02  planes. 

5.  Conclusions 

The  La2-xSri+xCu206+y  system  is  an  outstanding  exception  among  the  layered  copper  oxides,  in 
the  sense  that  it  does  not  show  superconductivity  despite  the  fact  that  it  appears  to  satisfy  the  structural 
and  carrier  density  requirements  for  the  occurrence  of  high  temperature  superconductivity.  The  reason 
for  the  absense  of  superconductivity  in  the  La2-xSri+xCu20e+y  system,  is  most  likely  to  be  sought  in 
the  detrimental  effect  of  excess  oxygen  atoms  inserted  between  two  neighboring  Cu02  layers.  One  may 
compare  this  strong  supressing  effect  of  the  midplane  oxygen  atoms  with  the  relatively  mild  supression 
of  transition  temperature  by  copper  site  substitutions,  or  the  lack  of  magnetic  pair  breaking  in  the  rare 
earth  substitution  in  the  TSasCusOr-y  system.  The  characteristic  low  temperature  upturn  of  resistivity 
in  the  ia2-x5j'i+iC'u206+y  system  seems  to  suggest  that  weak  carrier  localization  is  responsible  in  this 
temperature  range.  WhUe  the  localization  effect  certainly  acts  to  suppress  the  potential  superconductivity, 
whether  it  explains  the  absense  of  superconductivity  in  the  Xa2_®5ri+*Cw206+y  remains  to  be  seen.  In 
this  context,  it  would  be  interesting  if  one  can  dope  the  iia2-*5ri+iC'«2f^6+s  system  without  introducing 

excess  oxygen  atoms. 
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Anisotropic  Properties  of  Lag-xSrxC ugO 20-5  Epitaxial  Thin  Films 
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NTT  Opto-Electronics  Laboratories,  Tokai-Mura,  Ibaraki  Ken  319-11 


La8.xSrxCu8O20-6  thin  films  are  epitaxially  grown  on  SrTi03  single  crystal  sub¬ 
strates  by  rf  magnetron  sputtering.  They  exhibit  anisotropic  electrical  properties  but 
the  degree  of  anisotropy  is  smaller  than  that  found  in  usual  high  Tc  superconductors. 
The  resistivity  in  the  [001]  direction  decreases  monotonously  with  temperature 
decrease,  but  that  in  the  [100]  exhibits  a  broad  peak  at  about  180K.  Such  anisotropic 
behavior  can  be  explained  b  y  assuming  that  this  matter  has  a  quasi -one -dimensional 
electronic  structure.  Furthermore,  the  Hall  coefficients  are  negative  and  decrease 
rapidly  with  temperature  decrease. 


Since  the  discovery  of  high  Tc  superconductivity  in  K2NiF4  type  copper  oxide, several  high  Tc 
copper  oxides  have  been  reported  and  a  lot  of  effort  has  been  devoted  to  understanding  their  high 
Tc  mechanism.  1 1  is  of  significant  interest  that  some  copper  oxides  do  not  exhibit  superconductivity 
even  though  their  structures  are  similar  to  those  of  superconducting  oxides.  The  physical  prop¬ 
erties  of  these  oxides  have  been  examined  only  with  ceramic  samples.  Therefore,  investigation  of 
single  crystalline  samples  may  explain  why  superconductivity  does  not  appear  in  these  oxides  and 
may  also  reveal  important  information  about  the  mechanism  of  superconductivity. 

We  have  examined  the  properties  of  La8-xSrxCu8O20-8  (1.28<x<1.92),  which  is  a  metallic,  but 
nonsuperconducting,  copper  oxide.  Its  cubic  perovskite  structure  with  channels  of  oxygen 
vacancies  running  along  the  c-axis  and  with  a  sheet  and  chain  Cu-0  network  was  determined  b  y 
Torrance  and  co-workers^)  and  Er-Rakho  and  co-workers^).  Its  crystal  structure  makes  this  oxide 
anisotropic  three-dimensional.  This  is  different  from  the  strong  two-dimensional  overlap  in  high 
Tc  superconducting  systems  and  may  take  a  certain  role  in  supressing  superconductivity.  This 
letter  reports  experimental  results  on  the  anisotropy  of  transport  property  of  La6.63Sri,33Cu8O20-5 
(La5SriCu60i5)  thin  films.  Hereafter,  we  abbreviate  this  compound  to  L516  from  the  chemical 
composition. 

Samples  used  here  were  L516  thin  films  grown  epitaxially  on  a  SrTi03  (110)  substrate  by  the  rf 
magnetron  sputtering  method.  The  sputtering  target  was  a  compound  of  La5SriCu90i8  which  had 
excessive  Cu  to  assure  correct  film  composition.  Ceramic  targets  were  prepared  from  an  appro¬ 
priate  mixture  of  La203,  SrC03,  and  CuO.  The  mixed  powders  were  fired  in  air  at  1030 '  for  1  0 
hours  in  a  Pt  crucible,  followed  by  3  cycles  of  regrinding.  The  powders  were  then  pressed  into 
round  plates  and  sintered  at  1050  *  for  1  0  hours  in  air.  Sputtering  was  carried  out  under  the 
following  conditions:  substrate  temperature  600 '  ,  atmosphere  pressure  (Ar-i-10%02)  2  x  lO'^Torr, 
and  rf  power  lOOW.  I  n  addition,  annealing  was  carried  out  at  850  *  in  a  gas  flow  of  Ar-i-10%O2. 
Film  composition  was  determined  by  electron-probe-microanalysis  (EPMA).  Film  thickness, 
measured  with  a  stylus  profilometer,  ranged  from  200  n  m  to  600  n  m  and  the  deposition  rate  was 
about  2  nm/min.  The  films  were  patterned  into  a  rectangular  shape  (0.5  x  5  mm^)  with  6 


48 


terminals  to  measure  the  resistivity  p  and 
Hall  coefficient  Rh.  Electrodes  were  formed 
with  evaporated  Au  and  silver  paste. 

Film  orientation  was  examined  with  the 
simple  4-axis  x-ray  diffraction  method. 
Figure  1  shows  typical  X-ray  diffraction 
patterns  for  an  L516  thin  film  with  surface 
orientations  of  90  *  (  Fig.  1  (a))  an d  45  ’  (  Fig. 
1(b))  to  the  rotary  axis  (0/20),  where  the  film 
was  deposited  on  a  (1 10)  SrTi03 

substrate.  Diffraction  peaks  in  Fig. 1  (a)  were 
indexed  as  the  (100)  planes  of  L5 16  and 
those  in  Fig.l  (b)  were  indexed  as  the  (110) 
plane,  with  a  unit  cell  composed  of  a  Vs  x  Vs 
X  1  cubic  perovskite.  These  results  indicate 
that  the  film  grew  with  its  [100]  axis  normal 
to  the  film  surface.  The  lattice  constants  of 
the  films  are  a  =  b  =  1 .09  nm,  which  agree 
with  Er-Rakho’s  results^).  I  n  these  films,  the 
unit  length  of  the  a-axis  is  Vs  times  the 
lattice  constant  of  SrTiOa  ,  a,  within  a  0.7  % 
misfit  factor.  An  RHEED  pattern  for  the  film 
is  shown  in  Figure  2.  The  streaky  pattern 
indicates  that  the  film  is  single-crystalline 
with  a  very  smooth  surface. 


CO 

CL 

O 


> 

CO 

2 


Ui 


H 

Z 

> 

< 

QC 


I 

X 


XIO** 


o 

o 

■  ^  , 

o 

r- 

r) 

o 

(0 

10 

u 

- \ - 1 - 1  ■  •  1  _ _ 1 

I 

' - 1 - -  1  I - — I _ ; _ I _ J  V  I _ j 

^5  10  15  20  25  30  35  40 


2d  (deg.) 


2d  (deg.) 
(b) 


Figure  3  schematically  describes  the 
configuration  of  Cu-0  planes  and  the 
crystal  axis  of  L516  with  respect  to  the 
substrate.  Cu-Oe  octahedra  align  on 
crossing  lines  of  two  orthogonal  groups  of 
Cu-0  planes,  and  Cu-Os  pyramids  lie  on 
mid-lines  between  two  neighbour 
octahedra  lines.  From  the  Cu-0  plane 
configuration  shown  in  Fig.  3,  some 
anisotropy  should  exist  for  the  two 
directions,  [100]  and  [001],  in  the  epitaxial 
film. 

Temperature  dependences  of  resistivity  (p) 
along  the  [100]  and  [001]  directions  in  L516 
films  are  shown  in  Fig.  4.  The  values  are  close 
to  those  of  ceramic  samples  previously 
reported^).  The  resistivity  along  [100]  is  4  or 
5  times  larger  than  that  along  [001].  The 
anisotropy  is  smaller  than  that  for  2  - 
dimensional  high-Tc  materials.  In  the  [001] 


Fig.l:  X-ray  0-20  diffraction  patterns  for  L5 16  thin 
films  on  SrTiOs  (110)  face  substrates,  (a)  film  is 
set  under  a  conventional  method  without  tilt,  and 
(b)  film  is  tilted  at  45  ‘  to  the  0-20  axis.  The  peaks 
are  reflections  from  the  planes  slanting  film  surface 
at45’ 
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Fig.  2:  RHEED  patterns  for  the  film. 
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direction,  the  resistivity  decreases  slightly 
with  decreasing  temperature  in  the  whole 
region.  On  the  other  hand,  the  resistivity  in 
the  [100]  direction  has  a  broad,  weak  peak  at 
about  1  80  K  Here,  it  should  be  noticed  that 
such  an  anomaly  can  be  observed  only  in  the 
[100]  direction.  For  ceramic  samples2)4)5)^ 
similar  peaks  were  observed  not  only  in  their 
resistivity  vs,  temperature  relations  but  also 
in  their  magnetic  susceptivity  vs.  temperature 
relations.  The  same  anomaly  in  the  resistivity 
also  canbeseenintheresult  reported  by 
Torrance  and  co-workers.  Later,  we  will 
discuss  this  point  as  it  relates  to  anisotropic 
properties. 

Figures  shows  the  temperature 
depend-ences  of  Hall  coefficients  (Rh)  for 
the  same  sample  in  Fig.  4.  The  Hall 
coefficients  were  measured  under  a 
magnetic  field  of  ST,  perpendicular  to  the 
film  surface,  in  the  temperature  range 
from  lOK  to  280K.  The  open  circles 
denote  the  Rh  values  derived  from 


C010) 


L516 


C001] 

[100] 


Fig.  3:  Schematic  configuration  of  Cu-0  planes 
and  a  crystal  axis  with  respect  to  the  substrate. 


induced  voltages  along  [001],  while  the 
closed  circles  denote  those  from  [100]. 
Both  values  were  negative,  but  because 
the  signs  of  the  Seebeck  coefficients  for 
ceramic  samples  are  positive  below  room 
temperature^),  the  carriers  cannot  be 
determined  to  be  electrons  only  from  the 
sign  of  Hall  coefficients.  The  anisotropy 
factor  of  Rh  is  about  2.5.  This  ratio 
corresponds  to  the  resistivity  anisotropy. 
The  carrier  densities  (  n)  rapidly  decrease 
with  decreasing  temperature.  For 
comparison,  corresponding  data  observed 
for  Lai.7Sro.3Cu04  are  also  shown  (In  this 
case,  the  Hall  coefficients  are  positive)^). 
This  result  implies  that  the  carriers  in 
L516  might  localize  at  low  temperatures. 
However,  the  resistivity  shows  a  metallic 
temperature  behavior.  At  the  same  time, 
therelation  between  In  (n  -  nf)  and  1/T  is 
nonlinear,  where  nf  is  the  free  carrier 
density  remaining  at  a  low  temperature. 
Thus,  the  rapid  decrease  of  Hall  carriers  is 
ascribed  to  another  mechanism. 


Fig.  4:  Temperature  dependence  of  resistivity  (p) 
for  [100]  and  [001]  directions  of  L516  films. 
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The  experimental  results  for  resistivity 
and  Hall  coefficients  showed  anisotropic 
behaviors.  Such  anisotropy  arises  from 
the  special  crystal  structure  of  L516, 
while  those  of  high  Tc  copper  oxides  come 
from  the  two-dimensional  structure  of  Cu- 
Q  The  structure  of  L5 1 6  is  viewed  as  a 
compound  consisting  of  three  kinds  of 
linear  chains  running  along  the  c-axis^’^). 
Each  linear  chain  consists  of  octahedra, 
pyra-mids,  or  square  sheets  of  Cu-0.  Er- 
Rakho  et  aP).  related  that  this  matter  has 
the  geometry  of  the  CuOs  pyramids  with 
four  mean  Cu-0  distances  (1 .88-1 .93  A) 
and  one  longer  (2.39  A).  These  Cu-0 
distances  are  close  to  those  observed  in 
the  super-conductor  YBa2Cu307.x  and  thus 
there  can  exist  carriers  in  the  pyramids. 

On  the  other  hand,  the  Cu06  octahedra  are 
corn-pressed  along  the  c  axis  in  contrast  to 
the  cases  of  the  usual  high  Tc  super¬ 
conductors.  With  the  short  Cu(I)-0(I) 
length,  no  free  carriers  exist  in  the 


TEMPERATURE  (K) 

Fig.  5:  Temperature  dependence  of  Hall  coefficients 
(Rh)  for  the  same  samples  in  Fig.  3.  The  open  circles 
denote  the  Rh  derived  from  the  induced  voltage  along 
[001],  while  the  closed  circles  denote  those  from 
[100].  For  comparison,  corresponding  data  for  an 
Lai.7Sro.3Cu04  single  crystal  thin  film  is  shown 
inverting  those  signs. 


In  L516,  linear  chains  of  the  pyramids  and  the  octahedra  run  in  parallel  along  the  [001]  direction 
and  lie  in  series  in  the  [100]  direction.  I  n  the  [001  ]  direction,  most  of  the  current  may  flow  along 
linear  chains  of  pyramids,  while  in  the  [100]  direction,  carriers  may  flow  by  tunneling  octahedra 
between  pyramids.  Therefore,  this  matter  may  have  a  quasi-one-dimensional  electronic  structure 
The  above  assumption  can  completely  explain  the  above  anisotropic  properties. 


Previously,  an  anomaly  in  the  resistivity  vs.  temperature  curve  in  the  [100]  direction  was 
described.  Such  an  anomaly  was  not  observed  in  the  [001]  direction.  This  can  be  explained  as 
follows:  I  n  this  direction,  linear  chains  of  pyramids  and  octahedra  lie  in  parallel.  Meanwhile,  such 
spin  order  can  not  exist  in  the  pyramids,  because  anti-ferromagnetic  ordering  disappears  when 
free  carriers  exist*).  Thus,  such  ordering  should  exist  in  the  octahedra.  The  assumption  can  explain 
the  anomaly  only  in  the  [100]  direction.  The  change  in  the  carrier  scattering  mechanism  at  the 
phase  transition  may  enduce  such  an  anomaly. 


I  n  conclusion,  we  have  studied  the  anisotropy  of  the  electrical  and  optical  properties  of  L5 16  thin 
films  grown  epitaxially  on  SrTi03  (110)  substrates.  The  anisotropies  are  smaller  than  those 
observed  for  usual  high-Tc  superconductors.  The  resistivity  along  [001]  is  metallic  and  that  along 
[100]  has  a  broad  peak  at  about  1  80  K,  which  may  suggest  anti-ferromagnetic  ordering.  The  Hall 
coefficients  are  negative  and  decrease  rapidly  with  decreasing  temperature.  The  possibility  of  a 
quasi-one-dimensional  electronic  structure  makes  this  matter  extremely  attractive. 
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Ba-’Y-Cu-O  Films  Prepared  by  Various  RF  Sputtering  Techniques 
and  Their  Structure  and  Superconducting  Properties 

H.Mori ta,H.Fuj imori , Y.Koyanagi , K . Wa tanabe , K . Mo  to  and  Y.Muto 

Institute  for  Materials  Researcfi ,  Tohoku  Un  i  vers  i  ty ,  Senda  i  980 


We  have  examined  various  rf  sputtering  methods  to  find  the  best  tech¬ 
nique  for  preparation  of  the  high-T^  superconducting  oxide  thin  films. 
In  this  report,  some  significant  phenomena  found  through  this  experiment 
ai'e  described,  such  as  (A)  Effect  of  dc  magnetic  field  applied  during 
sputtering,  (B)  Effect  of  an  oblique  incidence  of  sputtered  atom-beam. 


The  relation  between  the  crystalline  microstructure  and  hysteresis  of  critical 
current  density  Jq  against  measuring  magnetic  field  B  (J^'B  hysteresis)  was  ex¬ 
amined  for  the  two  Ba-Y-Cu-Oxi de  films  which  were  prepared  by  rf  sputtering  method  in 
dc  magnetic  field  H  of  10  and  30  Oe  .  It  has  been  found  that  the  application  of  H 
gives  rise  to  a  grain  growth  and  to  the  regular  alignment  of  the  grains.  The  Jc“B 
hysteresis  becomes  small  and  the  Jq  value  becomes  large  with  increasing  H.  This 
field  effect  is  considered  as  an  important  technique  for  preparation  of  good  thin 
films.  Therefore,  we  have  investigated  the  effect  of  H  on  morphology  and  supercon¬ 
ducting  properties  of  films  in  detail. 


( A )  Sample  preparation  bv  sputtering  in  dc  magnetic  field 

Thin  film  samples  of  Ba-Y-Cu-0  superconductors  were  prepared  by  an  rf  sputtering 
method  shown  in  Fig.l.  A  Bas .  6  Y  ]  .  .  3^x  ^-^rget  90  mm  in  diameter  was  prepared  by  a 

solid  phase  reaction  method.  The  target  was  sputter-etched  for  50  hs  prior  to  film 
growth  experiments  in  order  to  ensure  thermal  equilibrium  for  the  alteration  in  com¬ 
position  of  the  target  surface.  Sputtering  was  carried  out  in  an  atmosphere  of 
50%Ar+50%02  with  a  total  pressure  of  35  mTorr.  The  discharge  power  was  70  W  and  the 
target-substrate  distance  was  55  mm.  A  dc  mag¬ 
netic  field  of  0^40  Oe  parallel  to  the  target 

(or  to  the  substrate)  was  produced  by  a  |  t 

Helmholtz  coil  which  is  set  outside  the  chamber. 

The  substrate  temperature  was  440  'C  .  Since 
this  temperature  was  too  low  fnr  crystallization 
of  oxide,  the  as-prepared  sample  was  in  the  amor¬ 
phous  state  and  insulator.  Therefore,  a  post¬ 
annealing  of  890Txlh  was  necessary  for  the 
transformation  into  a  superconducting  film. 

Fig. 2  shows  the  H  dependence  of  the  supercon¬ 
ducting  onset  temperature  and  zero  resis¬ 


tance  temperature  Tc°^^*  Shows  a 


oendence  on  H,  on  the  othei'  hand, 


little  de- 
‘  ^  ^  shows  a 


vague  maximum  arouna  30  Oe.  The  small  change  in 


Fig.l  Sample  preparation 
method  in  magnetic  field 
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(^UJD/V  ) 


100 


Substrate  Angle  ©  (deg.) 


Fig. 6  Substrate  angle  depen¬ 
dences  of  superconducting 
transition  onset  and  off¬ 
set  temperatures 


Substrate  Angle  0  (deg.) 


Fig. 7  Substrate  angle  depen¬ 
dences  of  critical  current 
densities  measured  at  4.2  and 
77  K 


Other  sputtering  conditions  are  the  same  as  Itioso 
for  the  experiment  (A). 

Figure  6  shows  the  substrate  angle  depen¬ 
dences  of  and  Tc'^  ^ .  The  t)  dependence  of 
T  is  small  and  T  ^  ^  ^  shows  a  maximum 
around  S  =  50  .  Fig. 7  shows  the  d  dependence 
of  measured  at  4.2  and  77  K.  Both  the  curves 
show  maximum  around  S  ~  50  .  The  surface  mor¬ 
phologies  of  these  samples  have  been  found  to  he 
similar  to  those  of  the  samples  made  in  magnetic 
field.  The  morphology  of  the  film  prepared  with 
0=0  (Fig.SA)  looks  like  that  of  the  bulk  sample 
prepared  by  a  sintering  method.  When  =10  ,  ttie 
grain  growth  is  developed.  The  X-i'ay  experiment 
shows  that  when  6  =30  -  50'  ,  c  axis  orientates 
perpendicular  to  film  surface.  In  the  Fig.SB,  the 
preferential  alignment  of  crystalites  also  Indi¬ 
cates  that  a  and  b  axes  orientate  preferentially 
in  plane.  When  =70  ,  the  grains  are  grown  so 
large  that  the  net  of  grains  is  visible  clearly 
(Fig.  80  . 

It  is  pointed  out  from  the  above  experiments 
that  the  oblique  incidence  of  the  sputtered  atom- 
beam  to  the  substi'ate  surface  has  the  similar  ef¬ 
fect  to  the  deposition  in  dc  magnetic  field,  for 
the  morphology  of  films.  The  mechanism  that  the 
films  prepared  by  above  two  methods,  which  are  in 
the  amorphous  state,  memorize  the  oblique  in¬ 
cidence  of  atoms  and  reflect  it  on  surface  mor¬ 
phology  by  an  annealing  at  900 C  has  not  been 
made  clear  in  the  present  work. 

Fig. 8  SEM  photographs  for 
pos t - annea 1 ed  films  prepared 
with  substrate  angles  shown  in 
the  photographs 


Preparation  of  (  Bi  j  )  2Sr2Ca3Cu40y  Superconducting  Film 

by  a  Single  Composite  Target  Sputtering  Method 
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Institute  for  Molecular  Science,  Myodaiji,  Okazaki,  Aichi  444 
"^‘Department  of  Functional  Molecular  Science,  The  Graduate  University 
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Thin  films  of  the  ( Bi  j  _j^Pbj^ )  2Sr2Ca3Cu^Oy  phase  which  is  difficult  to  be 
realized  in  bulk  specimens  have  been  prepared  by  a  single  composite  target 
sputtering  method.  Although  the  obtained  film  seems  to  be  of  a  single 
phase  by  an  X-ray  analysis,  the  residual  resistivity  at  low  temperatures 
has  still  a  semiconducting  character  after  the  sharp  drop  near  86K. 


1  -  4  ) 

Since  the  discovery  of  the  high-T^^  oxide  superconductors,  '  many  studies  on 
corresponding  superconducting  thin  films  have  been  carried  out.  Such  studies  are  very 
important  especially  for  searching  or  synthesis  for  new  superconductors,  because  of 
the  possibility  of  stabilizing  new  stoichiometries  and/or  crystalline  structures  in  a 
film  which  may  not  be  formed  in  bulk  specimens.  Typical  examples  for  the  preparation 
of  such  superconducting  thin  films,  Bi2Sr2Ca3Cu40y  (2234)  or  (2245),  by 

using  layer-by-layer  deposition  from  multiple  sources  have  been  reported  by  Adachi  et 

C  \  C  \ 

al .  '  and  Tabata  et  al . ,  '  respectively. 

Our  aim  is  to  synthesize  such  new  materials  of  higher-T^  superconductors  that  are 
difficult  or  impossible  to  obtain  in  bulk  specimens.  In  this  paper,  we  report  the 
stabilization  of  a  superconducting  2234  phase  in  the  thin  films  prepared  by  a 
sputtering  method  which  has  the  industrial  advantage  of  using  a  single  composite 
target.  Bi 2Sr2Ca2Cu30y  (2223)  was  also  studied  but  preliminarily  to  find  optimum 
sputtering  conditions. 

Thin  films  were  prepared  on  (100)  MgO  single-crystal  substrate  (17mm0xlmm)  by  an 
rf-magnetron  sputtering.  Each  target  was  made  by  simple  mixing  of  the  component 
powders  (Bi203(3N),  Pb02(3N),  SrC03(4N),  CaC03(4N)  and  CuO(4N))  in  appropriate  ratio 
and  then  pressing  into  discs  ( lOOmm0x4mm ) .  Lead  was  incorporated  in  order  to  make  the 
synthesis  of  the  2234  phase  easier.  The  separation,  D,  between  target  and  substrate 
in  the  sputtering  vessel  was  adjusted  to  37mm,  40mm  or  43mm,  in  each  case.  The 
composition  of  the  sputtering  gas  was  finally  set  to  40%  argon  and  60%  oxygen  under  a 
constant  total  pressure  of  IPa.  The  substrate  was  heated  by  a  Kanthal  wire  during 
deposition  and  cooled  spontaneously  in  the  bell-jar  under  1  atmospheric  pressure  of 
oxygen  after  the  deposition  was  completed.  Thin  films  about  7000A  thick  were  obtained 
in  3  hrs.  with  an  rf-power  of  150W. 

The  chemical  composition  and  crystal  structure  of  the  films  were  analyzed  by  ICP 
(Inductively  Coupled  Plasma)  emission  spectroscopy  and  X-ray  di f f ractometry , 
respectively.  The  electrical  resistivity  was  measured  by  a  conventional  four  probe 
method. 
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In  this  equipment  system,  the  film  composition  was  very  sensitive  to  the 
substrate  temperature  (Tg).  The  atomic  ratio  Bi/Ca,  Sr/Ca  and  Cu/Ca  decreased  as  Tg 
increased  from  510 ‘C  to  630’C  (Fig.  1),  because  the  each  deposited  mass  of  Bi ,  Sr  and 
Cu  decreased  but  that  of  Ca  increased  as  Tg  increased.  In  addition,  increasing  of  Tg 


Fig.  1.  The  dependence  of  the  composition  on 

substrate  temperatures.  The  target  of 
Bi : Sr : Ca : Cu=4 . 3 : 1 . 9 : 2 : 3  was  used. 

480  510  540  570  600  630 

Substrate  Temperature  (*0 

caused  whitening  of  the  films.  Since  the  degree  of  whitening  was  reduced  by 
increasing  the  ratio  of  oxygen  in  the  sputtering  gas,  the  whitening  is  probably  due  to 
insufficiency  of  oxygen  in  the  films  (see  Fig.  2).  It  was  found  that  both  2223  and 


Fig.  2.  The  effects  of  substrate 

temperature  and  oxygen  content 
in  the  sputtering  gas  on  the 
color  of  the  2223  films, 

:black,  reenter  white  and 
550  600  650  edges  black,  : white. 

Substrate  Temperature  CC) 

2234  phases  are  easily  formed  under  the  condition  that  Tg^600*C.  It  was  also  found 
that  the  target-substrate  separation  of  40mm  is  the  most  favorable  one  to  form  both 
2223  and  2234  phases. 

A  superconducting  film  of  (Bio.8^^0. 2 ^2. 1®^2 . 1^®2 . l^y  obtained  by 

adjusting  the  sputtering  conditions  as  described  above.  Its  X-ray  diffraction  pattern 
shown  in  Fig.  3  indicates  that  there  are  three  different  phases  corresponding  to 
Cq=31A,  37A  and  42A  in  the  film.  Correspondingly,  there  seem  to  be  three  for 
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Resistivity  (xlOT^Ilcm)  Intensity  (Arb.Unit) 


Fig.  3.  The  X-ray  diffraction 
pattern  of  a 

1^^2. I” 

obtained  ’at^Tg  =  630'’C. 


The  dependence  of  the  resistivity 
on  substrate  temperature. 


Table  1.  The  correlation  among  Cq,  jor^set 
superconducting  phase. 


Cq  (A)  .jionset  superconducting 


superconduction,  77,  88  and  98K,  in  the  resistivity-temperature  curve  (Fig.  4).  These 
three  phases  are  probably  2212,  2223  and  2234,  as  shown  in  Table  1.  The  X-ray 
diffraction  patterns  obtained  from  each  different  area  in  this  film  indicate  that  the 
2234  phase  is  present  mainly  near  the  center  of  the  film  and  2212  is  mainly  near  the 


edge . 


The  color-shifting  of  the  film  from  all-black  to  all-white  with  increasing 
substrate  temperature  suggests  that  the  substrate  temperature  at  the  center  was 
approximately  15 *C  higher  than  that  at  the  edge.  In  addition,  the  monitored  substrate 


temperature  fluctuated  by  ±7*C  during  the  course  of  deposition.  These  two  effects  may 
result  in  the  formation  of  three  different  phases  in  the  film. 

Figure  5  shows  the  X-ray  diffraction  patterns  of  the  film  of  which  monitored 
temperature  fluctuation  was  controlled  within  ±1*C.  The  phase-admixture  in  the 


3  10  20  30  40 

29  (deg.) 


Fig.  5.  The  X-ray  diffraction  patterns  of 
the  films  obtained  at  BSO'C  (a), 
610 ‘C  (b) ,  and  590 “C  (c) , 
respectively . 


Fig.  6.  The  temperature  dependence  of  the 
resistivity  for  the  film  of  which 
nominal  composition  was 
^®^0.8^^0.2^2. .95^^3^^4 . l^y 


deposited  film  seems  to  be  very  sensitive  to  Tg ,  and  the  optimum  Tg  for  2234  phase 
formation  proved  to  be  610 "C. 

The  resistivity  of  the  film  of  Tg=610*C  suddenly  dropped  at  86K  (Fig.  6), 
probably  indicating  the  existence  of  the  single  high-T^  superconducting  phase,  but  it 
did  not  fall  down  to  zero  at  lower  temperatures.  This  fact- implies  that  some 
semiconducting  phases  might  be  present  on  the  grain  boundaries  of  the  superconducting 
phase . 

In  conclusion,  the  superconducting  2234  phase  in  Bi -Sr-Ca-Cu-0  system  can  be 
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Klized  in  a  film  obtained  by  a  single  composite  target  sputtering  method  with 
g  t  S  ^ 

iv  controlled  conditions.  The  most  important  two  parameters  are  the  substrate 
f  1  ne  J-  y 

temperature  and  the  target-substrate  separation. 
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Ductile  amorphous  tapes  in  Ln-Ce-Cu  (Ln=Pr,  Nd  or  Sm)  alloys  ranging  from  0 
to  45  at%Ce  and  25  to  40  at%Cu  were  prepared  by  melt  spinning.  The  sequent 
annealing  treatment  of  573  K  x  21.6  ks  in  O2  followed  by  1  323  K  x  10.8  ks  in 
O2  and  then  1  35  3  K  x  21.6  ks  in  Ar  for  Ln^i  85^®0  15^^  alloys  resulted  in 
formation  of  oxides  with  a  tetragonal  (T‘)  structure.  Furthermore,  their 
oxides  were  found  to  exhibit  superconductivity  with  onset  teperatures 
of  1  3  K  for  Ln  =  Pr,  22  K  for  Nd  and  12  K  for  Sm.  Thus,  the  process  seems  to 
be  useful  as  an  alternative  method  of  obtaining  the  e 1 e ct ron -doped 
superconducting  oxides. 


1 .  Introduction 

After  the  discovery  of  a  high  T^  oxide  superconductor  by  Bednorz  and  Muller  [1], 
various  kinds  of  oxides  have  been  found  to  exhibit  superconductivity  at  temperatures 
higher  than  the  highest  value  for  metallic  superconducting  compounds.  The  first 
high-T^  oxide  was  found  in  La2_-^{Ca,  Sr  or  Ba)5^CuOy  [2,3]  systems  with  K2NiF4-type 
structure  and  their  maximum  T^^  value  was  about  40  K.  Subsequently,  a  Y'jBa2Cu20y  [4] 
with  T^  at  temperatures  higher  than  the  boiling  temperature  of  liquid  nitrogen  was 
discovered,  followed  by  (Bi ,Pb) -Sr-Ca-Cu  oxide  [5]  and  then  Tl-Ba-Ca-Cu  oxide  [6],  It 
is  notable  that  the  latter  two  oxides  exhibit  a  zero  resistance  at  temperatures  above 
100  K.  It  is  generally  known  that  these  new  oxide  superconductors  belong  to  a  hole- 
doped  type  and  the  valence  of  Cu  plays  an  important  role  in  the  appearance  of  high-T^ 
superconductivity.  Recently,  Tokura  et  al.  [7]  discovered  a  new  superconducting  oxide 
Nd2_x^®x^^^y  with  T^  of  20  K,  which  has  a  Nd2Cu04  structure  (T'  phase).  It  is  of 
interest  that  the  Nd2„x^®x^^^y  i®  electron-doped  superconductor  and  the  doping  of 

electron  is  attributed  to  the  substitution  of  Nd  with  a  valence  of  +3  by  Ce  with  a 
valence  of  +4.  This  result  also  leaded  to  a  Th  doping  of  Nd2Cu  oxide  [8]  as  well  as 
to  a  substitution  of  oxygen  with  a  valence  of  -2  by  fluorine  with  a  valence  of  -1  [9]. 

These  oxides  synthesized  by  the  doping  method  have  been  reported  to  exhibit  T^  at  20 
K  for  Nd2_xTh3^CuOy  and  27  K  for  Nd2Cu04^yFy.  The  present  authors  have  previously 
reported  that  melt-spun  alloys  in  La-Sr-Cu  [10],  Yb-Ba-Cu  [11]  and  Eu-Ba-Cu  [12] 
systems  have  an  amorphous  or  a  nonequilibrium  structure  with  good  bend  ductility  and 
subsequent  oxidation  gives  rise  to  the  superconducting  oxides  with  high  Tc  values. 
This  paper  is  intended  to  present  the  formation  range  of  amorphous  phase  in  Ln-Ce-Cu 

*0n  leave  from  Furukawa  Kikai  &  Kinzoku  Co.,  Ltd.,  Yoshima,  Iwaki  970-11,  Japan 
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Nd  or  Sm)  ternary  alloys  by  melt  spinning  and  the  preparation  of  electron-type 
superconducting  oxides  by  oxidation  of  their  amorphous  alloy  tapes. 

2.  Experimental  Procedure 

The  ternary  Ln-Ce-Cu  (Ln=  Pr,  Nd  or  Sm )  alloy  ingots  were  prepared  by  arc-melting 
a  mii^ture  of  pure  Ce,  Cu  and  Pr,  Nd  or  Sm  metals  in  an  argon  atmosphere.  The  ingots 
were  spun  to  a  continuous  tape  with  about  20  p  m  thickness  and  0.1  mm  width  by  a  single 
roller  melt  spinning  apparatus.  Subsequently,  the  melt-spun  tapes  were  heated  in  a 
flow  of  argon  and  oxygen  mixture  gas.  The  structure  of  as-quenched  and  oxidized  tapes 
was  examined  by  X-ray  d i f f ra c tomet ry  with  monochroma ted  Cu  Ka .  The  changes  in 
structure  and  weight  of  the  melt-spun  tape  upon  heating  were  also  examined  by 
differential  thermal  analysis  (DTA)  and  thermogravimet r ic  analysis  (TGA).  The 
resistive  measurement  was  made  by  the  DC  four-probe  technique. 

3,  Results  and  Discussion 

Figure  1  shows  the  compositional  ranges  in  which  an  amorphous  phase  is  formed  in 
rapidly  solidified  Pr-Ce-Cu,  Nd-Ce-Cu  and  Sm-Ce-Cu  ternary  alloys.  A  mostly  single 
amorphous  phase  is  obtained  in  the  range  of  40  to  70  at%  Pr  and  0  to  30  at%  Ce  for  Pr- 
Ce~Cu  system,  35  to  70  at%  Nd  and  0  to  30  at%  Ce  for  Nd-Ce-Cu  system  and  20  to  75  at% 
Sm  and  0  to  45  at%  Ce  for  Sm-Ce-Cu  system.  Thus,  the  formation  range  is  much  wider 
for  Sm-Ce-Cu  system  than  for  the  other  two  systems.  All  the  amorphous  alloys  possess 
good  ductility  which  is  shown  by  a  180  degree  bending  without  fracture. 

As  an  example,  Fig.  2  shows  the  compositional  dependence  of  crystallization 
temperature  (T^)  for  the  Sm-Ce-Cu  amorphous  alloys-  T^  decreases  from  425  to  371  K 
with  an  increase  of  Ce  and  Cu  contents.  A  similar  compositional  dependence  of  T^^  was 
also  observed  for  Pr-Ce-Cu  and  Nd-Ce-Cu  alloy  systems  and  the  T^^  decreases  from  397 
to  372  K  and  384  to  364  K,  respectively.  Thus,  the  T^  is  also  the  highest  for  the  Sm- 
Ce-Cu  alloys  with  the  largest  glass-forming  tendency. 


Ln-  Ce  -  Cu 


Fig.  1  Compositional  ranges  for  the 
formation  of  amorphous  phase  in 
rapidly  solidified  Pr-Ce-Cu,  Nd-Ce-Cu 
and  Sm-Ce-Cu  alloys. 


Sm-  Ce-  Cu 


Fig.  2  Composot ional  dependence  of 
crystallization  temperature  (T^^)  for 
Sm-Ce-Cu  amorphous  alloys. 


Figure  3  shows  the  DTA  and  TGA  curves  for  the  ^35CeQ  j  5CU  (Ln  =  Pr,  Nd  or  Sm) 
amorphous  alloys  on  heating  at  10  K/min  in  air.  For  instance,  the  Nd-Ce-Cu  alloy 
exhibits  a  sharp  exothermic  peak  without  any  change  in  sample  weight  at  420  K  followed 
by  a  large  broad  peak  accompanied  by  a  significant  increase  in  sample  weight  in  the 


62 


LniesCeoisCu 


5M  900 

Temperature  (K) 


Fig.  3  DTA  and  TGA  curves  of 
.8  5^®0. 1  5^^  (Ln=:Pr,  Nd  or  Sm) 
amorphous  alloys  on  heating  at  10 
K/min  in  air. 


Fig.  4  X-ray  diffraction-  pattern  of 
an  oxide  prepared  by  annealing  the 
melt-spun  Nd^  85^®0  15^^  amorphous 
alloy  in  the  condition  of  573  K  x  21.6 
ks  in  O2  followed  by  1  323  K  x  10.8  ks 
in  O2  and  1  353  K  x  21.6  ks  in  Ar. 


temperature  range  of  710  to  800  K.  As  is  evident  from  the  data  shown  in  Fig.  2,  the 
low-temperature  peak  is  due  to  crystallization.  On  the  other  hand,  the  high- 
temperature  peak  with  the  increase  in  weight  corresponds  to  the  oxidation  of  the 
crystalline  phase  formed  by  crystallization. 

Figure  4  shows  the  X-ray  diffraction  pattern  of  a  Nd-|  ^g^CeQ  j  5Cu-|  oxide  prepared 
by  annealing  treatment  of  573  K  x  21.6  ks  in  O2  followed  by  1  323  K  x  10.8  ks  in  O2  and 
then  1  353  K  x  21.6  ks  in  Ar.  All  the  diffraction  peaks  for  the  oxide  sample  can  be 
identified  to  be  the  tetragonal  T*  phase  with  lattice  parameters  of  a=:0.395  nm  and 
c=1  .209  nm,  in  good  agreement  with  those  reported  by  Tokura  et  al.  [7].  Accordingly, 
the  annealing  treatment  of  the  melt-spun  Nd-j  ^ggCeQ^-l  gCu  amorphous  alloy  is  concluded 
to  bring  about  the  oxide  consisting  of  a  mostly  single  T*  phase.  In  addition, 
Pr^  ggCeo  1 5CU  and  Sm-|  ^ggCeQ j  gCu  alloys  were  also  confirmed  to  have  the  same  oxide 
phase  with  the  T'  structure  after  the  sequent  annealing  treatment. 

Figure  5  shows  the  normalized  electrical  resistance,  as  a  function  of 
temperature  for  the  ,85^®0.1  5^^  (Ln  =  Pr,  Nd  or  Sm)  oxides  prepared  by  the  same 
annealing  treatment  shown  in  Fig.  4.  Although  the  resistance  of  the  Nd-Ce-Cu  oxide 
increases  slightly  with  a  decrease  of  temperature  from  room  temperature  (R.T.)  to  25 
K,  it  begins  to  decrease  at  about  22  K  through  an  appearance  of  superconductivity  and 
becomes  zero  at  5  K.  The  ,85^®0.1  5^^  Sm-j  ^ggCeQ  j  gCu  oxides  behave  like  a 
semiconductor  in  the  temperature  range  from  R.T.  to  15  K,  followed  by  the  small 
resistive  drop  due  to  the  onset  of  superconductivity  at  about  1  3  K,  as  shown  in  Fig. 
5.  Although  the  three  oxides  have  the  same  T'  single  phase,  the  temperature  reaching 
zero  resistance  is  significantly  different  in  their  oxides.  Further  optimization  of 
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composition  and  annealing  condi¬ 
tion  for  the  Ln-Ce-Cu  oxides  is 
under  investigation  with  the  aim 
of  enhancing  the  zero-resistance 
temperature.  The  onset  tempera¬ 
tures  for  the  present  oxides  are 
nearly  the  same  as  those  for  the 
Ndi  ,85^®0.1  5^^  oxide  prepared  by 
conventional  solid  state  reaction 
[7],  Accordingly,  it  may  be  con¬ 
cluded  that  the  oxidation  method 
of  metallic  precursor  is  useful  to 
obtain  the  e 1 e c t r o n - d o p e d 
superconducting  oxides  as  well  as 
the  hole-doped  superconducting 
oxides  [10-12]. 

In  conclusion,  we  have 
succeeded  in  preparing  the 
electron-doped  superconducting 
oxides  in  Ln-Ce-Cu-0  (Ln=Pr,  Nd  or 
Sm )  systems  by  oxidation  of  the 
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Normalized  electrical  resistance 
as  a  function  of  temperature  for 
oxides  prepared  by  annealing  the  melt-spun 
Lni  85^®0.15^^  (Ln  =  Pr,  Nd  or  Sm)  amorphous 
alloys  in  the  condition  of  573K  x  21.6  ks 
in  O2  followed  by  1  323  K  x  10.8  ks  in  O2  and 
1 353  K  x  21 . 6  ks  in  Ar . 


melt-spun  amorphous  Ln-Ce-Cu  alloy 

tapes.  The  onset  temperature  is  13  K  for  Pr  1  ^  3  5  Ccq  ,  1  5  Cu  oxide,  22  K  for 
Nd^  85^®0.15^^  oxide  and  1  2  K  for  Sm-,  ^g^CeQ  j  5CU  oxide.  Preparation  of  a  ^  Ln2Cu04_yFy 
superconductor  by  annealing  of  amorphous  alloys  under  a  stream  of  oxygen  and  fluorine 
mixture  gas  is  under  trial. 
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Ultrahigh-Pressure  Study  of  High  Oxides 
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Abstract  Ultra-high  pressure  (25GPa)  is  applied  to  high  T^  copper  oxides  (YBa2Cu30y_^ 
and  CuO)  to  search  for  possible  structural  phase  transitions. 

The  class  of  high-T^  copper  oxides  first  discovered  by  Bednorz  and  Muller  are 
reminiscent  of  rock-forming  minerals  both  chemically  and  structurally.  In  fact,  high- 
T^  materials  all  have  crystal  structures  related  to  perovskite,  which  is  a  key 
structure  for  rock-forming  minerals  (silicates).  It  has  been  well  established  in 
geophysics  that  silicates  such  as  Mg2SiO^  undergo  a  series  of  structural  phase 
transitions  when  high  pressure  (of  the  order  of  20GPa)  is  applied.  The  present  study 
is  motivated  by  an  observation  that  such  structural  transitions  can  possibly  be 
expected  also  for  the  copper  oxides.  Since  they  posses  perovskite -related  structures 
rather  than  perovskite  itself,  which  is  already  the  high-pressure  form,  we  can  expect 
structural  flexibility  under  ultra-high  pressure.  We  can  also  expect  to  fabricate  new 
materials  and  structures,  which  is,  solid  state  chemically,  only  possible  under 
extreme  conditions.  The  high-pressure  phases  tend  to  have  higher  coordination  number 
and  covalency  in  general,  so  that  we  can  thereby  probe  the  superconducting  mechanism. 

The  high-pressure  study  on  the  high-T^  materials  has  been  primarily  focused  on 
the  in  situ  experiment [ 1 ) ,  i.e.,  the  change  of  structure  and  T^  during  the  application 
of  pressure.  By  contrast,  we  look  for  new  phases  that  are  (meta) stable  in  normal 
pressure/temperature  and  thus  can  be  quenched  after  the  high  pressure  is  turned  off. 
As  the  ultra-high  pressure  facility,  we  employ  the  multiple-anvil  high-pressure 
apparatus,  which  has  been  developed  by  Kumazawa  and  coworkers [ 2 ) .  The  multiple-anvil 
method  has  an  advantage  that  (a)relatively  large  sample  volumes  can  be  accommodated 
and  (b)weli-def ined  high  temperature  can  be  applied.  The  control  parameters  we  have 
varied  include  pressure  (p  <  25GPa  here),  temperature  (T  <  1350*  C),  duration  of  high 
p/T  treatment,  rapid  or  slow  cooling,  starting  material  (ceramics  or  ingredient  powder 
mixture)  and  redox  condition  (including  heater  and  capsule  design). 

This  year  we  are  trying  to  apply  higher  pressures  (up  to  about  25GPa)  with  high- 
pressure  apparatus  at  the  Institute  for  Studies  of  the  Earth*s  Interior,  Okayama 
University,  collaborating  with  E.  Itoh.  As  for  starting  materials,  we  also  give 
special  attention  to  pure  CuO  (tenorite),  which  has  an  interesting  (distorted  PdO) 
crystal  structure  as  well  as  antiferromagnetism  with  Tj^  =  230K. 

We  are  indebted  to  Prof.  Y.  Tokura  for  providing  us  CuO  samples.  We  also  thank 
the  Institute  for  Studies  of  the  Earth’s  Interior,  Okayama  University,  for 
hospitality. 
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Growth  of  Superconducting  Oxide  Single  Crystals  by  TSFZ  Method 


H.Kojima  and  I. Tanaka 


Institute  of  Inorganic  Synthesis » Faculty  of  Engineering, 
Yamanashi  University,  Miyamae  7,  Kofu  400,  Japan 


The  attempts  of  single  crystal  growth  of  La2-xSrxCu04  were  carrying  out 
through  a  year . Lai  . 8 6 S ro .  i 4 Cu04  and  Lai  .  a  0  S  ro  . 2 0 Cu04  crystals  were 
grown.  These  crystals  were  characterized  by  back  Laue  X-ray  method  and 
magnetization  measurement.  In  addition  the  phase  relation  which  helps  to 
crystal  growth  was  investigated  in  Laz O3 -S rO-CuO  system  and  the  phase 
diagram  of  system  above  mentioned  was  made. 


We  have  succeeded  to  grow  the  sizable  and  high  quality  single  crystals  of 
Laa - X Srx Cu04 ( LSCO )  by  TSFZ  method! 1].  Now  we  are  trying  to  grow  different  contents  of 
Sr  in  this  system.  However,  there  were  reported  to  find  such  several  compounds  as 
Lax  Sri  4  -  xCu2  4  O4  1  (0^  5  )  , Las  -  x  Srx  Cus  O2  0  -  5  (1.28*1  x^  1 . 92  )  , Laa  -  x  Sri  ♦  x  Cu2  Oe +5  (0<  x  < 

0.15)  and  Lai ♦ x Sra - x Cu2 Os . 5 ♦ 5  addition  to  La2-xSrxCu04  (0^  x^  1.5)  in  the  LaaOa-SrO- 
CuO  system[2-5].  It  is  not  obvious  whether  these  compounds  may  form  from  molten  state 
or  not,  because  these  compounds  were  formed  by  sintering  process. 

In  this  study, we  have  investigated  what  kinds  of  crystal  could  be  formed  from 
molten  liquids  of  Laa O3 - S rO-CuO  system  by  using  Slow  Cooling  Floating  Zone 
method(SCFZ  method)  and  DTA-TG  analysis.  Also,  we  are  growing  the  single  crystals  of 
Lai , 8 6 Sro . 1 4 Cu04  and  Lai . a 0 Sro . 2 0 Cu04  and  offering  grown  crystals  to  other  researcher 
to  measure  physical  properties. 

LazOa  ♦SrCOa  and  CuO  were  used  as  the  starting  raw  materials.  The  starting  pow- 
ders  were  combined  in  appropriate  proportions  to  prepare  mixtures  with  desired  com¬ 
position  and  calcined  at  850®C  for  24  hr, .  These  calcined  materials  were  pressed  at 
1  ton/cm2  to  form  cylindrical  shape  rods.  These  rods  were  sintered  at  1 , 000- 1 . 1 00®C 
in  an  atmosphere  of  oxygen  gas  for  24  hr. .  The  apparatus  for  fused  experiments  was  an 
infrared  heating  furnace  of  double  ellipsoidal  type(Nichiden  Machinery  Ltd.)  with  1.5 
kw  halogen  lampes  as  the  heat  source.  The  sample  rods  were  solidified  by  slow  cooling 
after  the  molten  zone  was  formed  under  a  pressure  of  0 . 2MPa  of  oxygen  gas.  The  com¬ 
position  of  solidified  samples  was  analyzed  by  EPMA( JEOL , model  JXA-8600M).  Both  melt¬ 
ing  and  solidified  temperatures  were  determined  by  DTA-TG  analysis. 

The  procedure  of  SCFZ  method  is  followed.  The  sintered  rod  of  certain  composi¬ 
tion  was  placed  inside  an  infrared  heating  furnace  and  then  melted  to  form  molten 
zone.  The  molten  zone  was  separated  to  top  and  down  by  mechanically  and  slow  cooling. 
Then  the  compounds  having  high  melting  temperature  were  started  to  solidified,  and 
finally  the  compound  of  eutectic  composition  was  solidified.  The  variation  of  com- 
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position  depending  on  the  solidified  temperature  could  be  obtained  by  KPMA  analysis. 


Thp  phase  relation  of  La2 O3 ~S rO-QuO  system. 

Fig.l  shows  the  composition  image  of  end  part  of  grown  La2Cu04  crystal.  From  the 
contrast  of  photo,  there  were  three  different  phases  who<;e  comoosition  were  hasCuOi. 
LaCu02.5-5  and  Cuo  in  order  of  brightness.  Also, 
both  CuO  and  Cu2 0  were  mixed  in  the  darker  part. 

LaCu02.5-3  is  corresponded  to  Laa - x Srx Cu802 0  -  5 
when  x  =  o  and  a  new  phase  which  was  not  repc^rted 
before.  Fig. 2  shows  the  results  of  DTA  analysis 
of  sintered  matei'iai  whose  composition  was 
La:Cu=l:l.  These  results  showed  that  the  pro¬ 
files  of  DTA  were  different  when  temperature 
was  up  and  down.  This  could  be  due  to  that  some 
of  CuO  were  changed  to  CuaO.  From  both  results 
of  DTA  and  EPMA  analysis,  the  peaks  at  990°C  .  at 
l,050°C  and  at  1,075‘’C  were  due  to  fusion  and 
solidification  of  cuprous  oxide,  cupric  oxide 
and  LaCuOa . 5 ,  respectively.  Fig. 3  shows  the  XRD 
pattern  of  LaCu02.5.  We  did  not  analyze  this 
pattern  in  detail,  but  this  pattern  was  cieariy  • 

different  from  the  solid  phase  obtained  at  latest.  From  these  results,  it  was 


Fig.l  Composition  image  of  end  part 
of  grown  crystal 


Fig.  2  Results  of  DTA-TG  analysis 


revealed  that  LaCuOa  .  5  was  decomposed  to 
temperature  of  1,075°C  .The  phase  diagram 


Fig.3  XRD  pattern  of  LaCuO^  ^ 


liquids  phase  at  the  peritectic 
system  is  shown  in  fig. 4.  Tt 
exists  in  LaOi  .  5 -<"u()  sys- 
phase  above  l,075''C'  .  The 
when  (:u2  0  was  con- 


l.az  Cu04  and 
of  LaOi.5-CuO 

was  proved  that  another  LaCu02 . 5  phase  beside  La2(^u()4  phase 
tern  and  this  LaCu02 . 5  was  decomposed  to  La2 Cu04  and  liquid 
dashed  line  in  this  phase  diagram  showed  the  eutectic  temperature 
sidered . 
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Fig.4  Phase  diagram  of  the  LaCuO^  5-CuO  system 


]n  order  to  investigate  the  phase  relation  in  La2 O3 ~SrO~CuO  system,  SCFZ  method 
was  applied  t.o  fuse  the  sintered  rods  of  solvent  composition  ( La :  Sr :  Cu  =  2-x  :x  :4, 
x=0 . 4 , 0 . 8 , 1 . 2 , 1 . 6 )  which  would  be  used  for  growth  experiments  of  LSCO  by  TSFZ  method. 
The  composition  of  end  part  of  LSCO  solidified  crystal  grown  by  TSFZ  method  was 
analyzed  by  EPMA,  It  made  clear  from  the  composition  image  that  existing  phases  were 
La2Cu04,  LaxSri4-xCu24038+8  »CuO  and  Cu20.  These  results  are  collectively  shown  in 
fig. 5  and  table  1.  Several  phases, such  as  (201)  phase,  (101)  phase,  (212)  phase, 
(0,14,24)  phase,  CuO  and  Cu2 0  were  formed  depending  on  the  composition  of  starting 
materials,  and  these  composition  were  quite 
different  from  the  values  reported  already. 

Concerning  (201)  phase,  it  was  reported  that 
solid  solution  was  possible  to  form  until 
x=1.5  of  Sr(x)  content  by  sintering  method. 

However,  it  made  clear  that  solid  solution 
was  possible  to  form  until  x=0.32  of  Sr(x) 
content  when  it  was  formed  from  molten  state. 

The  range  of  Sr  contents  to  form  solid  solu¬ 
tion  for  other  phases, such  as  (101)  and  (212) 
phases,  was  wider  from  molten  state  than  from 
sintering  process.  This  difference  could  be 
due  to  the  decomposition  reaction  of  CuO  to 
form  Cu20.  Also  it  could  be  due  to  the 
presence  of  Cu^*  and  Cu*  in  molten  state  in 
La2 O3 “ SrO-CuO  system.  The  larger  □  and  A 
symbols  in  fig. 5  were  represented  the  com^ 
position  of  sample  used  for  crystal  growth 
and  fusion  experiments.  The  produced  phases  from  molten  state  were  shown  by  smaller 
symbols  in  fig. 5.  From  these  results,  it  could  be  estimated  two  following  important 


CuO 


Fig.  5  The  ternary  diagram  of 
LaOj  ^-SrO-CuO  system 
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for  growth  of  LSCO  single  crystals. 

The  composition  range  of  Sr  content  was  0.0<  0.32  which 

LSCO  single  crystal. 

^'°9)  The  Sr  content  of  solvent  for  growth  of  LSCO  single  crystal 
^"solvents  of  x  1.2  were  used  (□  and  A  in  fig.5),  LSCO  crystal 
^  r  (212)  and  (101)  phases  were  crystallized. 

anotner  v 


was  possible  to 

was  xs  0.8.  When 
did  not  form  and 


Table  1  Compounds  and  their  composition  range  in  La2 Oa -SrO-CuO  system 


crystalline  phase 

chemical  composition 

composition  range 

reported  values^"^ 

(201) 

(10  1) 
(212) 

(  0,14,24) 

Laz  -  X  Srx  Cu04  - 

Lai  -  X  SrxCuOz  .  5  - 

Laz  -  X  Sri  ♦  x  CuOe  - 

LaxSri4-xCu24038+ 

O.OOS  xS  0.32 

0.00^  x'S  0.42 

0.095  x5  0.22 

1.9  5  x5  6. 2 

0.005  x5  1 . 5 

0. 165  x<  0.24 

0.005  x5  0.15 

0.0  5  x5  5.0 

ThP  crvstal„ 
We  are 
crystals  of 
properties . 
to’ get  this 
of  Tc. 


prrnwth  of  LSCO  single  crystals. 

still  growing  single  crystals  of  La2-xSrxCu04  by  TSFZ  method.  The  single 
Lai.seSro. i4Cu04  were  offered  to  Several  researchers  to  measure  physical 
Now  we  are  trying  to  grow  Lai  . s o Sro . 2 o Cu04  single  crystal  and  succeeded 
composition  and  this  crystal  was  offered  already  and  measuring  the  value 
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Crystal  Growth  and  Characterization  of  Oxide  Superconductors  ^nd  Related  Compounds 
H.  Takei.  H.  Takeya,  F.  Sakai,  M.  Koike  and  J,  Akimoto 


Institute  for  Solid  State  Physics,  the  University  of  Tokyo, 
7-22-1,  Roppongi,  Minato-ku,  Tokyo  106,  Japan 


The  present  investigation  has  been  performed  along  the  three  courses: [1]  crys¬ 
tallization  from  glassy  states  of  the  Bi-Sr-Ca-Cu-0  system,  [2]  growth  of  Bi- 
Sr-Ca-Cu-0  film  crystals  by  a  newly  developed  method  "solvent-evaporation  epi¬ 
taxy  (SEE)"  and  [3]  growth  and  characterization  of  the  two  dimensioal,  tri¬ 
angle  crystal  NaTiOi. 


Because  of  the  high  superconducting  transition  temperature  in  the  Bi-Sr-Ca-Cu-0 
compounds,  much  attention  to  this  system  has  been  devoted  during  the  past  two  years. 
Many  investigators  have  tried  to  obtain  single-crystal  specimens  of  this  system  by 
using  various  kinds  of  techniques.  It  becomes  clear  that  there  exist  some 
difficulities  for  obtaining  less-imperfect,  high  quality  crystals  with  convensional 
techniques.  These  difficulities  are  considered  to  be  come  from  a  lack  of  the 
fundamental  knowledge  among  the  growth  features  of  Bi -Sr-Ca-Cu-0  crystals.  We  thus 
performed  the  observation  of  crystallization  process  from  a  glassy  state  of  Bi-Sr-Ca- 
Cu-0  by  high  resolution  electron  microscope,  and  found  out  that  the  crystallization  of 
the  superconductive  phases  with  Tc  =  30  and  80K  starts  even  below  600  C  and  stably 
progresses  up  to  above  900^C.  This  fact  suggests  that  the  stable  phases  between  600* 
and  900°C  are  the  superconductive  ones  (Tc=30  and  80K). 

In  section  tll]»  we  describe  a  new  method  for  growing  crystal  films  of  the  Bi-Sr- 
Ca-Cu-0  superconductors.  Apparently,  film  growth  technique  is  one  choice  for  obtaining 
two  dimensionally  large  and  high  quality  crystals.  Though  considerable  efforts  have 
been  paid,  complete  single-crystal  films  have  not  yet  been  prepared.  No  single¬ 
crystal  film  of  the  high  Tc(llOK)  phase  have  also  been  obtained.  Quite  recently  we 
found  an  epitaxial  film  formation  with  an  evaporation  of  solvent  KCl  during  the 
experiments  of  liquid  phase  epitaxy.  We  applied  this  technique  to  the  Bi-Sr-Ca-Cu-0 
superconductors,  and  the  ( 00 1 ) -oriented  films  with  Tc=80K  and  IlOK  were  obtained. 

The  final  section  [III]  represents  growth  of  NaTiOa  single  crystals  which  are 
believed  to  be  one  of  the  key  materials  for  clarifying  the  mutual  interaction  of  spins 
in  Ti3*  ions  on  the  two  dimensionally  oriented  triangle  lattice.  We  succeeded  to 
prepare  the  single-crystals  from  high- temperature  solutions  of  sodium  metal.  The 
crystals,  however,  contain  a  considerable  amount  of  Na-defect,  which  was  introduced  by 
a  migration  of  sodium  ions  from  the  layered  lattice.  Such  defects  would  affect  the 
magnetic  susceptibility  at  low  temperatures. 

fll  Crystallization  from  a  Glassy  State  in  the  Bi-Sr-Ca-Cu-0  System 

The  Bi-Sr-Ca-Cu-0  system  involves  at  least  three  types  of  superconducting 
compounds:  Bi 2 ( Sr ,Ca ) 2CuOi  (Tc=30K,  A-phase,  Bi 2 ( Sr , Ca ) aCu 2O x »  (Tc=80K,  B-phase)  and 
Bi 2 ( Sr , Ca ) 4CU 3O X  *  »  (Tc=110K,  C-phase).  Many  investigators  have  suggested  that  the 
phase  relations  between  the  three  are  complicated  and  no  complete  data  on  the 
stability  field  of  these  compounds  have  been  reported.  Kuwahara  et  al . [ 1 ]  and 
Kitazawa  et  al.[2]  have  suggested  that  the  stoichiometric  B-phase  is  only  stable 
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«O0°C  and  its  meltins  point  of  about  1000“C,  and  tends  to  decompose  into  the 
bases  below  800^  C  by  the  supposed  solid  state  disproportionation  reaction, 
'present  section  describes  the  initial  process  of  crystallization  from  Bi-Sr- 
T  .  Ls  which  was  prepared  by  rapid  cooling  of  the  melt.  The  reason  why  the 
jlZns  were  adopted  as  a  starting  material  is  that  the  glassy  state  is 
Id  to  be  superior  in  homogeneity  to  sintered  materials.  Our  observations  have 
'-"""'fd  that  both  the  A-  and  B-phases  crystallize  stably  from  a  glassy  medium  at  600 

.  !  above  the  crystallization  temperature.  Tx.  of  about  450  'C.  [3. 41  whereas 

;  J  J!phase  was  not  observed  at  this  temperature  range.  This  fact  means  that  at  600 

'  A-  and  B-phases  are  stable  but  C  is  not. 

Th’  glassy  specimens  of  the  Bi-Sr-Ca-Cu-0  system  were  obtained  by  dropping  e 

on  a  cold  copper  plate.  X-ray  powder  diffraction  (XPD)  analysis  showed  only  a 

.  broad  peak  around  30»  in  26  of  CuK  radiation  (see  Fig.I-1).  This  result  closely 

.bles  those  reported  previously  [5.61.  Annealing  of  as-prepared  specimen  was 

"  out  in  .  rn.i.tnno.  furn.o.  in  nlr  nt  .  ..xlnn.  ...pn.ntur.  b.tw.n  400  nnd 

QrtO  ' C  and  the  specimens  were  quenched  to  room  temperature.  Complete  melting 
.  erved  above  940  “C.  In  the  DTA  experiments,  the  as-quenched  specimens  dispiayed  two 
peaks,  exothermic  and  endothermic,  the  patterns  of  which  were  almost  the  same  as 
that  reported  by  Yoshimura  et  al.[61.  The  exothermic  peak,  which  appeared  sharp  y 
aLt  450  ‘C.  corresponded  to  the  glass-to-crystal  transition  while  the  broad 
endothermic  one.  which  started  near  800^ C  and  ended  above  900  C,  corresponded  to  e 
melting  of  crystallized  materials.  This  melting  behavior  is  almost  the  same  as  that 
rpoorted  for  sintered  specimens [ 7 1 . 

The  XPD  results  of  the  annealed  specimens  indicated  that  a  clear  change  appeared 
between  400°  and  600‘c.  as  shown  in  Fig.I-1.  The  specimens  annealed  at  temperatures 
un  to  400‘'C  showed  no  significant  change  in  the  XPD  patterns  from  the  as-quenched 
glassv  state,  whereas  those  annealed  above  600* C  changed  into  a  crystalline  state.  The 
XPD  peaks  of  the  crystalline  state  were  assigned  as  a  mixture  of  Bi , ( Sr .Ca ) ,CuO ,  (A- 

phase)  and  Bi,(Sr.Ca)3Cu,Ox.  (B-phase).  The  specimens  annealed  at  800  C  were  mainly 

of  the  B-phase  and  the  superconducting  transition  was  observed  at  84K  as  an  onset  Tc . 
and  at  80K  as  a  mid  Tc .  The  residual  resistivity  completely  disappeared  at  55K. 

The  500' C  annealed  specimens  were  in  an  intermediate  state  between  the  glassy  and 
crystalline  states.  Figure  1-2  shows  the  changes  of  the  XPD  patterns  with  annealing 
time  at  500' C.  It  is  clear  that  the  diffraction  peaks  became  sharper  with  an  increase 
in  the  annealing  time.  The  XPD  lines  of  the  specimens  annealed  at  500  C  for  120  h. 
however,  are  much  broader  than  those  of  the  600'C-annealed  specimen  (see  also  Fig.  1). 
This  means  that  the  annealing  at  500' C  is  very  critical  for  crystallization  in  t  e 
glassy  Bi-Sr-Ca-Cu-O  media.  The  microscope  and  SEM  observations  clarified  within  their 
degree  of  resolution  that  no  apparent  change  occurred  in  the  bulk  part  of  the 

specimens  by  annealing  at  this  temperature.  i  j 

Figures  I-3(a)-(c)  show  the  high  resolution  electron  micrographs  of  the  annealed 
specimens  at  500  '  C  and  600*C.  Clear  lattice  images  are  observed  in  the  specimen 
annealed  at  500'c  for  12  hr.  It  should  be  noted  that  two  types  of  lattice  spacings. 
1.30nm  and  1.55n«.  are  observed  in  a  single  photograph,  as  shown  in  Fig.  I-3(a).  The 
former  value  corresponds  to  the  ( 1/2 )c-3pacing  of  the  A-phase  and  the  latter  to 
that  of  the  B-phase.  The  patterns,  which  were  thought  to  be  due  to  a  stacking  disorder 
caused  by  a  compositional  fluctuation  in  the  glassy  media,  were  commonly  observed  in 
the  present  TEM  photographs  of  the  500'C  annealed  specimens.  Figures  I-3(b)  and  3(c). 
which  show  the  specimens  annealed  at  600'C  for  12  h.  indicate  that  both  the  A-  and 
crystals  grow  stably  as  a  result  of  this  heat  treatment. 
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The  results  of  the  low-temperature  annealing  is  expressed  by  the  formulae: 

(A)  - ^  [A]  (500'"-  800'C)  (1), 

iA|  +  (Sr,Ca)CuOa  . ■>  (B1  (BOO'*-  800  C)  (2)  and 

[A]  +  (Sr,Ca)Cu02  - 1  [B]  (>600‘“C)  (3), 

where  A  is  Bi a ( Sr ,Ca ) aCuO*  and  B  is  Bi a ( Sr , Ca ) aCu aO x • ,  and  the  marks  {)  and  (1 
represent  the  glassy  and  crystalline  states,  respectively.  With  an  increase  of  the 
annealing  temperature  above  600‘'C,  the  reactions  (2)  and  (3)  proceed,  and  finally,  the 
major  part  of  the  reaction  product  becomes  the  B-phase.  Precipitation  of  the  C-phase , 
whose  { 1/2 ) c-spacing  was  reported  to  be  about  1.8nmS),  was  not  observed  in  the 
temperature  range  between  500°  and  600^ C. 

Kuwahara  et  al.[lj  and  Kitazawa  et  al.[2j  have  presented  a  tentative  phase 
diagram  of  the  pseudobinary  system  BizSrjCaCuOi  and  CaCu02  near  the  melting,  and 
suggested  the  occurrence  of  the  solid-state  disproportionation  reaction  between  the 
phases  A,  B  and  C  below  800^C.  The  reaction  can  be  expressed  by  the  formula, 

[B]  - ^  [A]  +  CC]  (<800°C)  (4), 

where  the  B-phase  is  unstable  and  changes  into  [A]  and  [C]  at  this  temperature  range. 
This  formula! 4)  is  completely  opposite  to  our  f ormulae ( 1 ) - ( 3 ) ,  because  the  most  stable 
phase  between  600°and  800°C  is  [B].  Similar  results  have  been  reported  by  Kanai  et 
al.[8],  where  the  formation  of  the  B-phase  was  observed  by  XPD  analyses  on  the 
quenched  and  then  annealed  Bi -Sr-Ca-Cu-O  samples  between  650°  and  874°C.  Many  studies 
have  pointed  out  that  the  C-phase  appears  from  [B]  in  a  partially  molten  condition  in 
a  shallow  temperature  range  between  840°  and  900°C  and  easily  decomposes  above  900®C. 

The  stability  field  of  the  phase  [C]  has  not  been  completely  clarified.  Ono  et 
al.l9]  have  reported  that  the  C-phase  only  appears  between  870°  and  900°C  in  air  with 
a  small  amount  of  liquid.  The  present  experiments  partly  support  the  above  results 
because  an  origination  of  the  C-phase  could  not  be  observed  in  the  TEM  photographs  of 
the  specimens  annealed  between  500°  and  600°C. 
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[II]  Preparation  of  Oxide  Superconductor  Films  by  the  Solvent-Evaporation  Epitaxy 

Solvent  evaporation  is  one  of  the  most  common  technique  for  obtaining  crystals. 
However,  its  application  to  epitaxy  has  not  been  tried  yet.  The  present  section  deals 
with  the  first  trial  for  epitaxial  growth  of  the  Bi-type  oxide  superconductor  films  by 
the  solvent  evaporation. 
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Thin  films  of  Bi-Sr-Ca-Cu-0  system  superconductors  have  been  studied  for 
fundamental  research  and  for  microelectronics  applications  .  Our  group  tried  to 
repare  high  Tc  Bi-Sr-Ca-Cu-O  films  on  MgO  substrates  by  the  liquid  phase  epitaxy 

where  various  kinds  of  fluxes  were  used,  and  Bi aSr aCaCuaOi  films  were  grown  only 
from  a  KCl  flux.  The  films  prepared  by  a  dipping  technique  were  rough  in  their 
surfaces  and  showed  a  superconducting  transition  with  the  onset  Tc  at  95K,  but  had  a 
residual  resistivity  at  50K  by  1/10  to  95K  in  an  as-grown  state. 

Recently,  we  found  that  a  smooth  film  was  formed  on  the  MgO(lOO)  substrate  when 
the  mixture  of  Bi-Sr-Ca-Cu-O  powder  with  KCl  was  plastered  on  the  substrate,  and  then 
heated  around  900  C.  The  solvent  KCl  was  removed  by  evaporation  and  the  film  growth  of 
Bi-Sr-Ca-Cu-O  advanced.  The  fact  that  no  residual  KCl  was  detected  by  EPMA  means  that 
the  solvent  was  completely  evaporated  during  heating.  The  film  formation  is  supposed 
to  be  made  in  the  liquid  phase  by  concentrating  the  solution  after  the  evaporation  of 
the  solvent.  Thus  we  name  this  process  "solvent  evaporation  epitaxy  (SEE)". 

The  three  starting  compositions  were  selected  in  this  study:  Bi:Sr:Ca:Cu 

i2:2:l:2,  2:2:2:3  and  2:2:2:4  in  atomic  ratios.  The  sintered  materials  were  ground  and 
passed  through  the  mesh(#325)  into  fine  powders.  The  powder  was  mixed  with  KCl  as  a 
flux  using  acetone,  where  the  solvent  KCl  was  added  from  ten  to  four  hundred  times  to 
the  solute  in  mol  ratio,  and  the  mixture  was  spread  on  the  MgO  substrate { 5x10x1mm ^ )  at 
a  thickness  of  about  l-2mm.  After  the  acetone  had  dried  naturally,  the  sample  was 
placed  in  an  alumina  boat  and  heated  in  a  resistance  furnace  kept  between  825  ^  C  and 
915®C  for  2  h  or  10  h  and  then  cooled  in  air.  It  was  observed  that  KCl  was  gradually 
evaporated  and  removed  completely  during  the  heating  cycle. 

We  here  report  successful  results  on  the  three  samples,  where  the  films  were 
prepared  in  the  following  conditions:  film  #1  (KCl/Bi aSr 2CaCu20x=300 ,  850*^0  for  2  h), 

film  #2  (KCl/BiaSr2CaCuaOt=300,  850  C  for  10  h)  and  film  #3  (KCl/  Bi aSr aCaaCu 4O x  = 
300,  900^  C  for  10  h).  Typical  X-ray  diffraction  patterns  of  films  #2  was  shown  in 
Fig.II“l.  These  films  consisted  of  two  phases  which  gave  only  001(l=2n)  Bragg 
reflections  corresponding  to  BiaSraCuOx  (c=24A)  and  Bi aSr aCaCu aOi  (c=31A).  This 
indicates  that  the  c-axis  of  the  film  is  oriented  along  [001]  of  the  MgO  substrate,  as 
reported  previously  [!]•  The  oriented  over-growth  was  also  confirmed  by  X-ray 
precession  photographs  taken  together  with  the  film  and  the  substrate,  as  shown  in 
Fig.II-2.  The  orientation  relationship  between  the  two  has  already  been  reported  else¬ 
where  [5].  In  films  #2  and  #3,  Bi aSr aCaCu aOx  appeared  as  a  major  phase.  The  mean 
compositions  of  the  films  were  determined  by  EPMA  to  be  Bi : Sr : Ca : Cu=2 . 3 : 1 . 9 : 1 . 0 : 2 . 0 
(#1),  2.1:1.8:0.9:2.0(#2>  and  1 , 9 : 1 . 8 : 0 . 7 : 2 . 0  (#3).  With  film  #1,  Bi a ( Sr , Ca ) aCuO,  and 
CaaCuOx  were  observed  by  point  analysis  of  EPMA.  The  difference  between  films  #1  and 
#2  was  considered  to  be  caused  by  different  annealing  processes.  Figure  II-3  shows  a 
typical  SEM  photograph  of  the  film,  which  indicates  that  the  film  was  much  more  dense 
and  smooth  than  the  film  reported  in  our  previous  paper  [1].  No  film  formation  was 
observed  without  KCl  in  the  same  growth  condition  as  used  in  film  #1  or  #2. 

Owing  to  the  high  density  and  the  smoothness,  better  results  on  super- 
conduct iv*i ty  were  obtained.  Figure  II-4  shows  the  electrical  resistance  in  the  as- 
grown  state  measured  for  films  #1,  #2  and  #3.  Films  #1  and  #2  exhibit  a  double 
transition  at  lllK  and  88K  for  onset  Tc,  whereas  film  #3  has  a  single  transition 
around  90  K  for  onset  Tc.  Zero  resistances  were  measured  at  81K  on  films  #1  and  #3 
and  at  85  K  on  film  #2.  The  results  suggest  that  there  was  a  small  amount  of  IlOK 
superconducting  phase  in  films  #1  and  #3.  Since  the  measured  thickness  of  film  #1  was 
about  5  |jm,  the  resistivity  was  estimated  to  be  300  ^ttcm  at  88K.  Although  film  #1 
apparently  had  inclusions  of  Bi 2 ( Sr , Ca ) aCuOx ,  the  so-called  20K  superconducting  phase 
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shown  in  fig.  1»  it  had  no  residual  resistivity  below  81K.  SEM-EPMA  revealed  that  the 
Bi2(Sr,Ca)2  CuOx  phase  appeared  as  small  islands  of  about  10  size  and  occupied 

about  5%  of  the  entire  film  area.  It  is  possible  that  a  superconducting  path  was 
constructed  in  between  the  Bi 2Sr zCa aCu 3O x  and  Bi aSr aCaCu 2O x  phases,  and  consequently, 
the  resistivity  due  to  Bi 2 ( Sr , Ca ) aCuO *  was  not  detected.  Figure  II-5  shows  an 

anisotropic  behaviour  in  resistivity  under  an  externally  applied  magnetic  field  at 

72. 5K.  When  the  external  field  was  applied  parallel  to  the  c-plane  (relative  anglerO 
degree),  the  rsistivity  change  showed  minimum,  and  the  maximum  value  was  observed  when 
the  field  was  perpendicular  to  the  c~plane  (angle: 90  degree).  From  these  values,  the 
upper  critical  field  Hc2  can  be  estimated  to  be:  above  lOT  for  field  H  //  ab-plane  and 
below  IT  for  H  //  c-plane  at  72. 5K, 

The  present  SEE  technique  also  produced  a  small  amount  of  Bi 2Sr 2Ca 2CU aOx , the  so- 
called  110  K  phase,  in  spite  of  the  short  period  for  preparing  the  film  at  850®C.  The 
preparation  of  the  110  K  phase  in  the  powder-metallurgical  method  needs  a  long 
annealing  time  or  partial  melting  around  900  C  [6,7].  On  the  other  hand,  Honda  et 
al.[8]  have  reported  an  appearance  of  the  high-Tc  phase  in  the  Bi-Sr-Ca-K-Cu-0  system 
even  at  860^C  for  5  h,  where  the  partial  melting  occurred  by  an  addition  of  potassium 

ions  to  the  system.  This  and  our  results  suggest  that  potassium  ions  play  a 

considerable  role  in  producing  the  110  K  superconductor  through  the  liquid  phase. 
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[III]  Growth  and  Structure  Analysis  of  Nonstoichiometric  Single  Crystal  NaxTi02 ( X/vQ . 5 ) 
Hirakawa  et  al.[l]  first  pointed  out  that  NaTiOa  and  LiNiOi  were  promising 
candidates  of  two  dimensional  triangular  lattice  ant i f erromagnet  with  S=l/2,  To 
clarify  the  physical  properties  of  NaTi02,  they  successfully  prepared  NaTi02  powder 
samples  using  the  reaction  of  Na20  with  Ti203  at  1273K  under  high-pressure  Ar  gas 
atmosphere.  NaTi02  was  originally  described  by  Hagenmuller  et  al.[2].  They  prepared 
powder  samples  using  a  redox  reaction  of  metal  sodium  and  titanium  dioxide  at  1173K, 
and  revealed  from  the  result  of  X-ray  powder  diffraction  that  this  compound  had  a 
rhombohedral  unit  cell,  and  the  -NaFe02  type  structure.  Recently,  Maazaz  et  al.(3J 
examined  the  structures  of  the  Na*Ti02  system  (0.46^x£l)  by  the  electrochemical 
deintercalation  from  the  stoichiometric  NaTi02  powder.  In  this  paper,  we  describe  the 
crystal  growth  and  crystal  structure  of  the  nonstoichiometric  Nao.54Ti02,  and  further, 
we  discuss  the  decrease  of  the  intersheet  distance  with  the  Na-defects  in  comparison 
with  the  NaxTiOi  system  (0.46<xll)  previously  reported  [4]. 

Starting  materials  were  Ti02  powder  (99.9%)  and  excess  sodium  metal  blocks  with 
99%  purity.  They  were  placed  in  a  sealed  iron  vessel,  heated  in  a  resistance  furnace 
at  1200-1400®  C  in  an  argon  gas  flow  for  several  hours  and  slowly  cooled  to  room 
temperature.  In  many  cases,  no  apparent  leakage  of  sodium  vapor  from  the  vessel  was 
observed.  After  cooling,  the  vessel  was  opened  by  sawing  in  air,  and  the  products  of 
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black  crystal  grains  were  taken  out  as  soon  as  possible,  and  were  kept  in  a  vacuum. 

The  black  Na.Ti02  crystals  having  a  violet  tone,  maximum  5x3x3mm  in  size,  were 
grown  together  with  needle-shaped  NaTiaO,  crystals.  Under  air  atmosphere,  the 
bubbling  caused  by  a  reaction  with  moisture,  oxygen  or  COj  gas,  was  observed  on  the 
surfaces  of  the  Na.TiOj  crystals,  and  white  powder  which  was  supposed  to  be  N'aOH  or 
NaaCOj  was  precipitated  on  the  crystal  surfaces. 

Figure  III-l  is  a  SEM  photograph  of  the  as-grown  NaiTiOa  crystal  indicating  that 
it  grows  with  a  developed  (0001)  habit.  The  data  of  EPMA  represented  that  the  bulk 
composition  of  the  block  crystals  was  almost  uniform  with  an  approximate  molar  ratio 
j,-ji/Xi  =  0 . 5/ 1 . 0  ( x=0 . 5  )  .  This  result  suggested  that  the  crystals  contained  a 
considerable  amount  of  Na-defect.  Small  crystals  of  Nao.sTiOi  were  held  in  evacuated 
glass  capillaries  of  0.3  mm  diameter  with  O.Olram  thickness,  and  were  used  for  the 
following  X-ray  diffraction  study.  Laue  and  precession  photographs  indicate  that  the 
crystal  belongs  to  the  trigonal  system  with  the  possible  space  group  R32,  R3m,  or  R3m 
and  has  the  hexagonal  cell  parameters  a=3.0A  and  c=16.9X. 

A  small  block  crystal  with  the  approximate  chemical  formula  of  Nao.5Ti02,  ~0.1dx 
0.10x0.05mm  in  size,  which  was  held  in  an  evacuated  glass  capillary,  was  used  for  the 
crystal  structure  determination.  The  space  group  of  highest  symmetry  RSm,  confirmed  by 
successful  refinement,  was  adopted.  The  refinement  was  initiated  with  the  atomic 
coordinates  given  by  Hagenmuller  et  al.[21.  The  final  difference  Fourier  map  showed  no 
significant  residual  electron  density,  and  the  sodium  site  occupancy  with  the 
equivalent  isotropic  temperature  factor  of  5.48,  was  refined  to  0.54(1).  The  final 
atomic  parameters  are  given  in  Table  III-I. 

The  crystal  structure  of  Nao.siTiOa,  as  shown  in  Fig.III-2  is  a  typical  layer 
structure  of  Na,  Ti  and  0  atoms.  Na  atom  is  octahedrally  coordinated  by  six  oxygen 
atoms  with  the  Na-O  bond  distance  of  2.460(3)A,  which  is  well  consistent  with  the 
average  6-fold  distance  of  2.44A  reported  in  the  literature  [5].  The  arrangement  of 
oxygen  ions  is  divided  by  the  sodium  layers  into  the  two  close-packed  oxygen  layers 
surrounding  Ti  cations.  The  shortest  0-0  distance  across  the  Na  layer  is  3.916{8)A, 
which  is  much  longer  than  the  0-0  distance  of  the  average  value  2.856A  forming  a  TiO« 
octahedron.  In  addition,  the  thermal  ellipsoids  for  the  Na-site  with  an  occupancy 
0.54  are  spread  out  over  the  (0001)  plane  (Fig.III-2).  Accordingly,  the  long  distance 
between  the  oxygen  layers  across  the  Na  layer  would  provide  an  easy  migration  of  Na 
ions  to  the  crystal  surface  through  the  gap  between  the  two  oxygen  layers. 

The  TiOe  octahedra  are  connected  each  other  by  sharing  the  six  edges  in  the 
(0001)  plane,  and  form  a  sheet  structure.  The  sharing  0-0  distance  is  2.733(7)A.  The 
intrasheet  Ti-Ti  distance  is  2.9791A,  while  the  intersheet  distance,  which  is  equal  to 
one  third  of  the  c-axis  length,  is  5.634&.  Moreover,  the  shortest  intershdfet  Ti-Ti 
distance  is  5.899(1 )A,  which  is  expected  to  be  too  far  to  interact  with  each  other. 
This  means  that  Ti  cations  in  Na,.54Ti02  form  the  triangular  lattice  outstanding  two- 
dimensionality.  The  6-fold  Ti-0  distance  is  2.021(2)A.  From  the  calculation  of  the 
valence  bond  sums  using  the  Zachariasen's  curve,  the  valence  charge  of  titanium  is 
3.3,  which  is  well  consistent  with  the  result  of  average  titanium  valency  3.5  from  an 
estimation  by  the  chemical  formula  with  the  sodium  site  occupancy  of  0.54. 

Microscope  observation  revealed  that  the  clean  crystal  surface  of  the  present 
Nao.sTiOi  was  stable  only  for  a  few  minutes  in  air  atmosphere,  then  they  covered  with 
the  vigorous  bubbling  of,  probably,  H,  gas.  The  bulk  part  of  Nao.jTiO,  crystal  is, 
however,  stable  in  air  for  several  hours.  The  precession  photographs  of  this  bulk 
crystal  held  in  the  evacuated  capillary  represented  the  lattice  parameters  a=3.0X  and 
c=16.9A.  A  prolonged  exposure  to  air  for  more  than  several  days  changed  the  chemical 
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composition  of  the  bulk  part  to  Nao.aTiO?,  determined  by  EPMA  analyses.  The  Laue  and 

precession  photographs  showed  that  the  Nao.3Ti02  crystal  had  the  trigonal  symmetry 

remained  unchanged.  No  obvious  changes  in  both  chemical  composition  and  the  lattice 

parameters  were  observed  with  further  exposures  to  air. 

The  lattice  contraction  process  with  decreasing  Na-content  was  continuously 

monitored  by  the  automated  four-circle  diffractometer  (MoK  radiation)  using  a  small 

crystal  of  Nao.sTiOa  in  air,  after  the  determination  of  crystal  orientation.  No  other 

reflections,  indicating  the  distortion  from  the  trigonal  symmetry  were  observed  using 

the  peak  search  method  in  every  20  hours.  The  typical  lattice  parameters,  determined 

by  the  least-squares  method,  were  listed  in  Table  III-II  with  their  exposure  time  to 

air  atmosphere.  The  chemical  composition  of  each  specimen  could  not  be  determined 

because  of  their  rapid  lattice  contractions.  The  most  contracted  lattice  parameters 

with  the  chemical  formula  Mao.sTiO?  are  a=2 . 966 5 { 5 ) A ,  c  =  1 5 . 7 55 ( 9 ) A ,  and  V= 1 20 . 07 ( 8 ) X ^ . 

The  intrasheet  Ti-Ti  distance  in  NaxTi02  crystals,  which  is  identical  to  the  a- 

0 

axis  length ,  decreases  with  decreasing  Na-content  f rom  2.9791A  (x  =  0.54)  to  2.9665A 
(x=0.3)  (Table  III-II).  This  can  be  explained  by  a  derease  in  the  ionic  radius  of  Ti 
with  changing  the  oxidation  state  from  3+  to  4+,  because  of  decreasing  Na-content. 
Similar  feature  was  observed  in  the  NaxTiOa  powder  specimens  [3],  as  well  as  in 
NaxMOi,  where  M  is  Ni,  Cr ,  or  Co  [6,7],  On  the  other  hand,  the  intersheet  distance  of 
5.643X  in  the  present  Nao,54Ti02  crystal,  which  is  equal  to  one  third  of  the  c-axis 
length,  is  much  longer  than  5 . 408A  in  the  stoichiometric  NaTiOz  powder  (3].  The 
increase  in  the  intersheet  distance  with  decreasing  NaTContent  is  also  observed  in 
other  NaxMOz  systems  with  deintercalation  [6,7]. 

The  present  rhombohedral  lattice  contraction  process  of  NaxTiOz  crystal  with  the 
range  of  0.3^x10.54  revealed  that  the  intensities  of  all  reflections  decreased 
together  with  the  Na-content.  This  suggests  that  some  structural  damage  occurred 
during  the  exposure  to  air  atmosphere.  In  addition,  changes  in  diffraction 
intensities  of  the  107,  003,  and  006  reflections  between  Nao.54TiOa  and  Nao . sTiOz 
crystals  were  considerably  large  in  comparison  with  those  of  the  corresponding  104 
reflections.  Similar  feature  was  reported  by  Vidyasagar  and  Gopalakr ishnan  [8]  in  the 
LixVOz  system,  where  the  intensity  of  the  003  line  decreased  steadily  with  decreasing 
lithium  content. 

We  have  succeeded  in  preparation  of  the  nonstoichiometric  NaxTiOa  (x  -^0.5) 
single  crystals  from  high- temperature  solutions  of  sodium  metal  and  titanium  dioxide. 
The  triangular  lattice  of  titanium  cations  outstanding  two-dimensionality  in 
Nao.54Ti02  was  confirmed  from  the  single  crystal  X-ray  structure  analysis.  However, 
these  crystals  are  strongly  attacked  by  the  moisture,  oxygen  or  COz  in  air  atmosphere. 
This  causes  a  decrease  in  the  Na-contents  from  x=0.54  to  x=0.3  with  a  remarkable 
lattice  contraction  of  about  1 . 2A  towards  the  c-axis  direction  in  the  rhombohedral 
NaxTiOz  crystals. 
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Table  III-I . Positional  parameters,  site  occupancy 
and  temperature  factors  for  Nao.54ri02 


atom  site  z  occupancy _ O’  tl. 


Na 

3a 

0.0 

0.54 

0.28(3) 

0.0015(4) 

5.48 

Ti 

3b 

0 . 5 

1.0 

0.021(1) 

0.00111(5) 

0.79 

0 

6c 

0.229  1.0 

0.022(4) 

0.0009( 1 ) 

0.73 

Table  III-H-  Lattice  parameters  of  Na.TiOj 

crystals  with  exposure  time  to  the  air 


a  (A) 

c  (A) 

V  (AM 

x»  > 

0 

2.9791(6) 

16.928(3) 

130.11(5) 

0.54 

15 

2.9786(8) 

16.900(5) 

129.83(6) 

25 

2.9749(5) 

16.662(9) 

127.70(7) 

— 

39 

2.9744(5) 

16.335(7) 

125.  16(6) 

69 

2.9723(4) 

16.045(9) 

122.76(7) 

91 

2.9714(4) 

15.973(9) 

122. 13(7) 

-- 

137 

2.9702(4) 

15.844( 10) 

121.36(8) 

>1000 

2.9665(5) 

15.755(9) 

120.07(8) 

0.3 

a)  The  value  x=0.54  was  determined  by  structure 
analysis,  and  of  0.3  was  by  chemical  analysis. 


Fig.III-l.SEM  photograph  of  single  crystal 
NaxTi02  (x^O.5),  where 
the  developed  surface  is  (0001). 


Fig.III-2.An  ORTEP  drawing  of  Nao.54Ti02. 

The  Ti-Ti  interactions  forming 
regular  triangles  are  indicated 
by  the  bold  lines.  Ellipsoids 
are  scaled  in  f S%  probability 
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Abstract 

Gro^^th  of  Bi2Sr2CaCu20j^,  '  R2Ba3Cu2PtOio(R=:Er  .Ho.Y)  and  Ba4CuPt20c^  were 

performed  by  the  flux  method  using  CuO  and  alkali  halides  as  solvent.  R2M04(M=Cu,  Ni),  Bi2Sr2CaCu20j, 
and  Tlo3a2Ca2Cu30^  were  grou-n  by  the  floating  zone  and  high  pressure  Bridgman  method,  respectively. 
Single  crystals  with  dimension  up  to  mm^  order  have  been  successfully  obtained.  Fundamental 
electrical  and  magnetic  properties  as  well  as  crystal  structure  have  been  investigated. 

In  order  to  elucidate  the  superconducting  mechanism,  single  crystals  with  high  quality  and 
large  dimension  are  essentially  required.  Furthermore,  it  is  also  important  to  crystallize  the 
related  compounds  around  the  superconducting  oxides.  Almost  all  the  copper-complex  superconducting 
oxides  known  so  far  are  regarded  as  incongruent  melting  compounds,  therefore  appropriate  technique 
such  as  Flux,  TSFZ  are  employed  for  the  growth  of  the  single  crystals.  In  this  report  we  describe 
single  crystal  growth  of  the  superconducting  oxides  and  related  compounds  by  the  flux,  floating  zone 
and  other  methods. 

I.  Flux  growth 

1—1  Bi2Sr2CaCu20jj 

Recently,  Balestrino  et.  al  have  been  grown  films  of  Bi2Sr2CaCu20j^  from  KCl  solution  on 
gadolinium  gallium  garnet  substrate. This  technique  is  particularly  promising  in  view  of  the 
possibility  to  grow  large  epitaxial  films  of  both  Bi2Sr2CaCu20jj  and  the  Bi2Sr2Ca2Cu30jj  phases.  Thus, 
KCl  is  important  intermediate  for  synthesis  of  the  single  crystals  of  this  system. 

V/e  have  been  reported  that  single  crystals  of  Bi2Sr2CaCu20j^  have  been  grown  by  the  KCl  flux 
method. In  this  section  we  report  on  the  crystal  growth  of  Bi2Sr2CaCu20jj  using  another  alkali 
halide  KBr(d2o-2.756gcm“^,  m.  p.»748’C,  b.  p. =1393^0  as  a  solvent.  The  solute  was  prepared  from 
nitrates  of  Bi,  Sr,  Ca  and  Cu.  V/eighed  nitrates  were  dissolved  in  water  and  stirred  to  mix  well, 
V/ater  was  exclude  by  heating,  the  resultant  residue  was  heated  furthermore  at  low 
tempcrature( below  500  C)  in  order  to  calcine.  The  solvation  of  this  solute  to  the  KBr  solvent 
proceeded  very  smoothly.  In  a  typical  experiment,  a  30  wtZ  mixture  of  the  solute 
(Bi:Sr:Ca:Cu-2:2:2:3)  in  KBr  was  heated  to  880’C  at  300' Ch“^,  held  at  that  temperature  for  3h,  and 
then  cooled  at  5"Ch"^  to  740"C.  Fig. I.  shows  the  surface  of  the  Bi2Sr2CaCu20j^.  The  magnetization  as 
a  function  of  the  temperature  of  the  single  crystal  Bi2Sr2CaCu20jj(Il*20G)  are  shown  in  Fig.  2. 
Detailes  will  be  presented  elsewhere. 
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Kig.  1  Bi2Sr2CaCu20^  single  crystal 


0  40  60  120  160 

TEMPERATURE . K 

Fig.  2  Magnetization  vs  temperature  (H=*20G) 


1-2  New  Pt  complex  oxides 

Three  types  of  new  Pt  complex  oxides  have  been  found  out. 

1-2-1  R2Ba2CuPtOg(R=Er,Ho,Y)5"^2) 

As  shown  in  Fig.  3,  rectangular  prism  crystals  of  black  luster  wore  obtained.  Crystallographic 
investigations  revealed  an  orthorhombic  symmetry (space  group:  Pcmn)  and  had  a  characteristic  one- 
dimensional  zig-zag  chain- (Cu^'M)-Pt'^'^-0>' structure^ Fig.  4  shows  the  relationship  between  the 
electric  conductivity  and  the  temperature  of  these  compounds.  All  compounds  were  clarified  to  be 
semiconductors  with  conductivity  proportional  to  exp(T”*^'^^).  These  results  are  explained  by  a  usual 
activation-type  mechanism  with  a  thermal  lattice-vibration  effect  in  the  Mott-IIubbard  model  for 
■(Cu^'^^O-Pt'^‘^  0)-' zig-zag  chains^^^.  Er2Ba2CuPtOQ  shows  successive  antiferronagnetic  orderings  at 
7K(Fig.  5),  while  Ho2Ba2CuPtOg  shows  antiferromagnetic  one  at  2K ,  and  Y2Ba2CuPtOg  shows  the 
antiferronagnetic  ordering^^^* 

1-2-2  R2S<'5  3Cu2PtO^Q(  R=Er  ,  llo ,  Y)® »  ^ 

These  compounds  v/ere  black  luster  platelets.  Fig.  6  shows  the  apparance  of  the  Fr2Ba3Cu2pt0j^Q. 
Crystallographic  investigations  showed  monoclinic  symmetry  (space  group  C2/m).  .ieasurenent  of  the 
physical  properties  are  in  progress, 

1-2-3  Ba4CuPt209®>l^) 

This  compound  of  transparent  green  was  obtained  as  rectangular  prism  crystals  (Fig. 7)  and  was 
free  from  R  elements.  Satellite  reflections  typical  for  a  modulated  structure  were  observed  in  the 
X-ray  diffraction  experiments:  trigonal,  a=10. 081(3)  A,  Cq=4, 224(5)  A,  q=0.519cQ*,  V=371.7  A^, 

Z=1.5.  The  structure  is  built  of  columns  parallel  to  the  c  axis  consisting  of  Pt20g  and  Cu  linked 
alternatively.  There  are  two  variants  of  the  position  of  the  column  related  by  vector  shift  Cq.  A 
superlattice  is  formed  by  a  periodic  alternation  of  the  two  variants  in  one  dimension,  Ba  ions  are 
located  between  the  columns.  Further  characterization  of  this  compound  is  currently  under  way. 
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IT.  rioaLin;^  zone  and  other  gro\>;th  techniques 


2-1  Sumnary  of  grov/th  trials 

In  this  section,  we  summarize  brief  results  of  growth  runs  for  several  superconductors  and  the 
related  compounds  first,  which  have  been  carried  out  using  both  lanp-image  floating  zone  and  a  high 
pressure-inductive  furnace  under  controlled  condition  of  oxygen  partial  pressure,  and  describe 
growths  and  structure  analyses  of  as-grown,  annealed  single  crystals  of  Md2CuO^:  Ce  in  relation  to 
tlieir  properties. 

As  most  of  all  the  compounds  tend  to  melt  incongruently ,  the  growths  have  been  done  from 
appropriately  nonstoichiometric  melt.  Atmospheric  p02  would  be  the  most  influential  factor  since  it 
affects  melting  behavior,  crystallizing  phases  and  etc.  The  compounds,  growth  methods  and 
atmospheric  PO9  ranges  arc  listed  in  Table  1  together  with  some  remarks  and  typical  dimensions  of 
obtained  crystal.  Different  methods  have  been  tried  in  order  to  determine  suitable  growth  technique 
for  the  growth  of  I.a2CuO^:  Sr  and  hM2CuO^:  Ce  single  crystals.  Sealed  soft  capsule  technique  were 
employed  for  La2^'J^4'  Tl-conpounds.  The  capsules  were  pressurized  at  30  atm  by  gaseous  Ar  to 

conpensate  inner  pressure  increase  with  increasing  temperature  due  to  oxygen  release.  Growth  runs  by 
means  of  direct-inductive  heating  with  200  kHz-high  frequency  by  the  high  pressure  FZ  method  has  not 
been  succeeded  because  of  melt  instability.  Even  under  6a tm  of  pOg*  intluctively  heated  Pt-Rh  crucible 
was  attached  by  the  tMd2CuO^:  Ce  melt  with  excess  CuO  and  finally  ruptured. 


Compound 

growth  aethod 
(furnace) 

atBosphere 

single  crystal  diaension(order)/ 
reaarks 

LaaNlQ^ 

FZ  (L.I) 

10- *-2  ati  Os 
(Ns /Os) 

Cffl^ 

Laa C0O4 

FZ  (L.I) 

10-<~10-»  atmOs 
(CO/CO2) 

ca^ 

LaaCuOi ;Sr 

FZ  (L.I) 

10' '~2  atiOs 
(N/Os) 

ca^ 

H.  P.  BN  in  sealed  capsule 

20  ata  Ar 

(external  pressure) 

-  crucible  reacted 

H.  P.  FZCdirect  induction) 

6  at!  Qz 
(Ar/Oa) 

-  growth  unstable 

NdaCuOi ;Ce 

FZ  (L.I) 

0.2—2  ati  Oa 
(Na/Oa) 

aa^ 

H.  P.  SC  in  PtRh  crucible 

6  ata  O2 
(Ar/Oa) 

-  crucible  reacted 

H.  P.  FZ(direct  induction) 

6  ata  Oa 
(Ar/Oa) 

-  growth  unstable 

H.  P.  FZ(ring  susceptor 
radiation) 

6  ata  Oa 
(Ar/Oa) 

aa^ 

Pr2Cu04:Ce 

FZ(L.I) 

1—2  ata  Oa 

aa^ 

Bi-cc*p. 

FZ(L.I) 

10'*-1  ata  Oa 

aa’ 

Tl-coip. 

H.  P.  BH  in  sealed  capsule 

30  ata  Ar 

(external  pressure) 

-O.laa’ 

•  FZCL.I.):  Floating  zonedaip  iiage  furnace)  H.  P.  BM;  High  pressure  Bridgean 
H.  P.  SC;  High  pressure  slow  cooling.  H.  P.  FZ;  High  pressure  floating  zone 


Table.  1  Summary  of  growth  trials  for  superconductors  and  related  compounds 
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2-2  (Ncl|.^Cej^)2Cu04 

Single  crystals  of  ^MoCuO^:  Co  have  hoen  successfully  obtained  by  the  travelling  solvent 
floating  zone  method  using  excess  CuO  as  solvent.  Several  compositions  of  the  solvent  was  ciioscn  as 
shovm  in  Fig.  8.  ;‘M2CuO/^:  Ce  crystallized  from  the  melt  with  composition  ranging  a  to  f.  Intrusion 
of  the  solvent  coaponent  toward  low  temperature  region  of  nutrient  rod  and  additional  bubbling  of 
the  melt  caused  by  the  oxygen  release  interfered  with  stable  zone-travel  in  case  of  those  using 
composition  a  and  f,  respectively.  It  can  be  seen  shinny  and  flat  cleavage  plane(OOl).  Typical  boulc 
cut  parallel  to  the  growth  direction  grown  under  the  conditions;  1  atm  0^,  solvent  comp,  e, 
travelling  rate  0.7mm/h,  is  shown  in  Fig.  9.  Preferred  growth  occurs  along  to  one  of  the  equivalent 
a  tetra  direction,  consequently,  crystal  segments 
exhibit  elongated,  columner  morphology.  Though  trace 
impurity  phase,  (Nd,  Ce)^0y  was  recognized  inbetween 
the  segments,  single  crystals  with  dimensions  up 
to  2x3x7mm'^  could  be  cut  from  the  boula.  Effective 
distribution  cofficient,  C^/C^^,  for  Ce  was  suggested 
to  be  close  to  unity. 


Sv: .  * 


CuO 


Fig.  9  (^dj_jjCe^)2CuO^  single  crystals 


Fig.  8  Solvent  compositions  for  growth  of 

Nd2CuO^:Ce  single  crystals  by  TSFZ  method. 


Tl'ic  as-grown  crystals  did  not  show  superconducting  transition,  whereas  the  crystals  annealed  in 
Ar  at  900  C  for  several  hours  exhibited  superconductivity,  as  shown  in  Fig.  10,  Fig,  11  represents 
an  ORTEP  drawing  of  the  as-grown  single  crystal  at  R.  T.  analysed  by  4-circlc  X-ray  diffractometry , 
which  belongs  tetragonal  phase  with  space  group  I4/mmin,  Occupancy  factor  for  0-^  site  is  equal  to 
unity  while  02sitG  is  calculated  to  be  0.92.  The  Ce  content  x  in  the  formula  (‘^dj_j^Cej^)2  CuO^  was 
estimated  to  be  0,07  by  the  determined  lattice  parameters,  a=»b-3.9428  and  c=»12.068X. 


Fig,  10  Annealing-time  dependency  on  electrical 

resistivity  as  a  function  of  temperature 


Fig.  11  ORTEP  drawing  for 

single  crystal  (Ndj_jjCej^)2Cu0^ 
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Fig.  12  shov/s  the  result  of  high  temperciture 
X’-ray  pov/dcr  analyses  for  purveiized  as  grovm 
single  crystals,  which  have  been  done  in  air. 

Sharp  spectrum  of  tetragonal  symmetry  can  be  seen 
at  lOO'^C,  while  sprit  of  101  reflection  into  two 
peaks  suggesting  orthorhombic  distortion  has  been 
detected  at  800 “C.  The  phase  transition  temperature 
was  diffusive  and  have  not  been  determined 
clearly.  To  clearify  the  phase  transition, 
measurements  in  He  atmosphere  have  been  made  using 
air-sintered  specimen.  Fig.  13  indicates  the  time 
dependency  of  the  powder  pattern.  The  lowest 
pattern  a),  measured  at  700 in  air  using  non- 
superconductor  .05^®0.  shows  tetragonal 

syranetry.  101  reflection  also  sprits  into  two  peaks 
by  annealing  at  900  C  for  5h  in  He  as  in  the  former 
case.  Pattern  e)  for  as-quenched  specimen  from  900'^C 
in  He  seems  to  be  tetragonal.  Those  evidence  suggest 
that  the  phase  transition  occurs  depending  both  on 
temperature  and  oxygen  vacancy  content.  It  should 
be  also  noted  that  *'‘^1,35^6^^^5000^  crystals  grown 
under  1  atm  O2  suffer  orthorhombic-tetragonal 
phase  transition  during  cooling  process.  2)  The  phase 
transition  takes  place  in  the  preparation  process 
of  superconducting  sintered  specimens  of 

.  Further  studies  on  the  structural 
analyses  at  high  temperature  region  are  required. 


Fig.  13  Variation  of  x-ray  powder  patterns  vs 
annealing  time  at  900 'C  in  He  for  air-sintered 
specimen. 


Fig,  12  X-ray  powder  patterns  at  high 
temperatures  for  pulverized  (Ndj^_j^Cej^)2Cu0^ 
single  crystal 
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cross  sectional  observation  of  Bi-0  and  Cu-0  layers  by  STM/STS  in  Bi2Sr2CaCu20y 


K.  Kitazawa,  T,  Hasegawa,  K.  Kishio,  M.  Nanto  and  H.  Suzuki 


Department  of  Industrial  Chemistry,  University  of  Tokyo 
Bunkyo~ku,  Tokyo  113,  Japan 

The  a-c  plane  of  the  single  crystal  Bi2Sr2CaCu20y  was  observed  by  scanning 
tunneling  microscopy  ( STM ) /spectroscopy  (STS)  at  room  temperature.  The  STM 
image  obtained  clearly  showed  the  atomic  corrugations  corresponding  to  both 
Cu-0  and  Bi-0  layers,  depending  on  the  tip  bias  voltage.  Furthermore,  the 
tunneling  spectrum  on  (Cu02)2  layer  showed  a  pseudo-gap  near  the  Fermi 
level,  possibly  due  to  the  strong  electron  correlation. 


The  cleaved  surface  (a-b  plane)  of  B i - S r - Ca - Cu -O  has  previously  been 
investigated  by  scanning  tunneling  microscopy  ( STM) /spectroscopy  (STS)  [1-5],  In 
terms  of  the  correlation  between  the  low-dimensionality  of  the  electronic  structure 
and  the  high-T^  in  the  cuprate  superconductors,  extension  of  the  observation  to  the 
cross  section  of  the  layered  structure  should  be  of  great  interest.  However,  this 
has  not  been  performed  to  date  probably  because  of  the  difficulties  in  obtaining  a 
stable  and  sufficiently  wide  surface  for  STM  measurement.  Here,  we  report  the  first 
results  of  atomic  resolution  STM/STS  observations  for  the  b-c  plane  on  a  large  single 
crystal  Bi2Sr2CaCu20y  (BSCCO),  clearly  showing  the  sandwiched  structure  of  Bi-0  and 
Cu-0  layers.  The  bias  voltage  dependence  of  the  STM  images  and  the  STS  spectrum  at 
room  temperature  on  each  of  the  layers  have  revealed  the  presence  of  insulative  band 
gap  in  the  Bi-0  layer.  Also  a  large  and  gradual  dip  in  the  density  of  states  near 
the  Fermi  level  has  been  observed  in  the  Cu-0  layer,  supporting  the  presence  of 
pseudo-gap  due  to  the  strong  correlation  among  electrons  on  the  layer. 

The  "single  crystal"  boule  (10x5x5  mm^ )  composed  of  many  thin  but  long  single 
crystalline  platelets  was  grown  by  a  traveling  solvent  floating  zone  (TSFZ)  method 
[6].  Since  all  the  crystals  grew  with  the  c-axis  perpendicular  to  the  growth  axis, 
the  boule  was  suited  to  probe  both  a-b  and  b-c  planes.  Here  we  refer  to  the 
direction  of  the  modulation  as  the  b-axis.  The  STM/STS  apparatus  was  hand-made  with 
a  special  soft  ware  so  that  the  STS  spectra  could  be  obtained  by  accumulating  the 
signal  on  many  equivalent  atomic  positions  on  the  surface  to  achieve  the  high  S/N 
ratio.  The  atomic  resolution  STS  was  actually  performed  intermittently  during  the 
STM  observation  by  sweeping  the  tip  voltage  in  a  short  period  of  a  few  ms,  while  the 
tip  position  and  the  tip-sample  distance  were  held  constant.  Just  prior  to  the  STM 
measurement,  fresh  surfaces  of  the  a-b  or  b-c  planes  were  prepared  by  cleaving  with  a 
Scotch  tape  or  by  scratching  with  a  diamond  file,  respectively.  The  measurements  were 
performed  under  a  dry  N2  atmosphere. 

Figures  1  and  2  show  the  STM  image  of  the  a-b  and  b-c  planes,  respectively, 
taken  at  the  tip  bias  voltage  of  -1.5  V,  The  negative  bias  voltage  implies  the 
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electron  tunneling  into  the  electronic  states  of  the  sample  above  the  Fermi  level 
(Ep).  In  Fig.  2,  two  kinds  of  paired  rows  with  different  brightness  run  along  the 
direction  labeled  "b".  The  paired  rows  repeat  with  a  periodicity  of  1.53  nm,  in  good 
agreement  with  half  the  c-spacing  of  the  unit  cell^  1.54  nm  [7].  In  addition,  atomic 


corrugations  in  each  of  the  rows  along  '*b'* 
are  also  seen  from  the  figure,  and  the 
averaged  interval  between  the  corrugation, 
0.26  nm,  is  consistent  with  half  the  a- 
spacing  of  the  p s e u d o - t e t r a g o n a  1 
structure,  0.54  nm  [7].  According  to  the 
transmission  electron  microscope  (TEM) 
observations  [8,9],  atoms  sinusoidally 
deviate  from  their  ideal  position  in 
tetragonal  configuration  along  b-axis. 
Considering  the  modulated  structure  along 
b-direction  seen  in  the  STM  image,  we 
assigned  the  observed  plane  in  Fig.  2  as 
the  b“C  plane.  The  surface  atomic 
corrugation  which  is  disordered  in  Fig.  2 
is  also  similar  to  the  reported  TEM  image 
of  the  b-c  plane  [11,12]. 

In  Fig,  3,  the  STM  image  taken  at  the 
bias  voltage  of  +0.1  V  was  shown,  where 
the  tunneling  occurred  from  the  electronic 
states  below  Ep  to  the  tip.  The  difference 
in  brightness  between  adjacent  paired  rows 


1  nm 


1  nm 

Fig.  1  STM  image  of  a  cleaved  surface 
of  the  a-b  plane  in  single  crystalline 
Bi2Sr2CaCu20y  observed  at  a  tip  bias 
voltage  of  -1.5  V  relative  to  the 
sample.  The  tunneling  current  was  0,2nA. 


1  nm 


Fig,  2  STM  image  of  a  scratched  surface 
of  the  b-c  plane  in  single  crystalline 
Bi2Sr2CaCu20y  observed  at  a  tip  bias 
voltage  of  -1.5  V  relative  to  the 
sample.  The  tunneling  current  was  0.7nA. 


Fig.  3  STM  image  of  a  scratched  surface 
of  the  b-c  plane  in  single  crystalline 
Bi2Sr2CaCu20y  observed  at  a  tip  bias 
voltage  of  +0.1  V  relative  to  the 
sample.  The  tunneling  current  was  0.6nA. 
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Fig  3  is  substantially  enhanced  in  comparison  with  that  in  Fig.  2,  indicating 
that  the  local  density  of  states  (DOS)  near  Ep,  N(0),  in  the  brighter  rows  along  the 
Taxis  (BR)  is  much  higher  than  that  in  the  darker  rows  (DR).  Recent  STS  works  on  the 
3  b  plane  of  BSCCO  in  a  ultra  high  vacuum  [4,5]  reported  the  Bx-0  layer  to  be 
essentially  insulating.  Considering  the  metallic  nature  of  BSCCO  as  a  whole,  it  is 
reasonable  to  assume  that  BR  and  DR  correspond  to  (Cu02)2  and  (Bi0)2  layers, 

respectively .  , 

in  Fig.  4(a)  and  4(b)  are  plotted  the  normalized 
{dl/dV)/(I/V),  against  tip  voltage.  The  quantity  is  experimentally  (10)  and 

theoretically  [11]  known  to  be  a  good  measure  of  local  DOS  independent  of  the  tip- 
sample  distance.  The  signal  is  averaged  along  (Bi0)2  and  (Cu02)2  layers.  Here  we 
should  note  that  the  normalized  conductance  is  defined  to  be  unity  at  zero  bias,  and 
(dI/dV)/(I/V)-V  curve  hence  represents  the  DOS  profile  only  in  a  relative 

lip  ppiltion.  in  other  .ords,  it  is  l.posslbl.  so  tar  to  compare  the  absolute 

DOS  values  between  the  two  different  locations  by  the  STS  technique. 

The  DOS  profile  on  the  edge  of  the  (BiO)2  layer  (Fig.  4(a))  showed  a  s  eep 
trough  at  V=0  with  a  rather  flat  bottom  with  width  about  0.1  eV.  This  suggests  tliat 
the  electronic  structure  on  the  (BiO)2  layer  has  band  gap  as  has  been  reported  for 
STS  observations  on  the  a-b  plane  which  is  supposed  to  be  covered  with  the  BiO  layer 


on  the  top  [4,5]. 


Even  in  the  DOS  profile  on  the  edge 
of  the  (Cu02)2  layer  (Fig.  4(b)),  where 
N(0)  should  be  finite  to  make  it  a 
metallic  layer,  the  "dip"  around  V=0  is 
also  seen.  Besides,  the  STM  image  at 
small  bias  voltages  such  as  in  Fig.  3 
shows  that  (Cu02)2  is  much  brighter 

than  the  (BiO) 2  area.  Since  a  clear  Fermi 
edge  has  been  observed  in  BSCCO  by 
photoemission  spectroscopy  [12-15],  we 
presume  the  observed  dip  to  be  related  to 
a  pseudo-gap  with  a  finite  N(0)  in  (Cu02)2 
lay6r*  The  presence  of  a  pseudo-energy 
gap  has  been  a  matter  of  main  interest  in 
the  electronic  structure  of  the  cuprate 
superconductors  and  has  first  been  clearly 
observed  by  the  combination  of  UPS  and 
inverse  UPS  measurements  [12-14].  But  the 
present  observation  of  the  pseudo-gap  is 
the  first  experimental  observation 
specifically  performed  in  the  (Cu02)2 
layer.  This  unique  feature  of  the  CUO2 
layer  is  quite  a  contrast  to  a  rather  flat 
DOS  spectrum  expected  for  a  typical  metal 
in  which  the  band  width  is  large  compared 
to  the  correlation  interaction  among 
electrons.  Band  calculations  [16,17],  in 
which  the  electron  correlation  is  not 


Tip  Voltage  (V) 

Fig.  4  The  normalized  conductivity 
values  on  the  darker  rows  (DR)  (a)  and 
brighter  rows  (BR)  (b)  on  the  b-c  plane 
as  a  function  of  tip  bias  voltage.  The 
DR  and  BR  were  assigned  to  (BiO) 2  and 
(Cu02)2  layers,  respectively  (see  text) 


incorporated,  do  not  predict  the  "dip"  structure  in  Fig.  4(b). 

Furthermore,  the  relative  brightness  of  the  STM  and  STS  images  on  the  (Cu02)2 
and  (Bi0)2  rows  has  been  found  to  vary  significantly  with  the  tip  voltage,  reflecting 
the  variation  of  relative  contributions  from  the  two  layers  to  the  local  DOS 
depending  on  the  difference  in  energy  from  Ep.  Detail  will  be  reported  elsewhere. 

In  conclusion,  it  was  directly  confirmed  from  the  bias  voltage-dependent  STM  and 
STS  measurements  that  the  local  DOS  in  the  (Cu02)2  layer  is  much  higher  than  that  in 
{Bi0)2  layer  near  Ep,  reflecting  the  highly  anisotropic  electronic  structure  in 
Bi2Sr2CaCu20y  that  conduction  electrons  pass  through  the  two-dimensional  (Cu02)2 
layers  sandwiched  by  insulating  (Bi0)2  layers  with  a  finite  energy  gap.  However, 
even  in  the  tunneling  spectrum  in  the  { CUO2 ) 2  layer,  a  pseudo-gap  is  also  recognized, 
suggesting  the  essential  importance  of  the  strong  electronic  correlation  in  the  CUO2 
layer. 
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Neutron  and  X-Ray  Diffraction  Studies  on  Crystal  Structures  of  Oxide  Superconductors 


H.  Asano 


Institute  of  Materials  Science,  University  of  Tsukuba 
Tsukuba  305,  Japan 


Crystal  structures  of  oxide  superconductors  (Ba i - xNdx) 2  (Nd- yCey ) 2Cu308  +  z , 
Bi2Sr2 (Ln,-xCe.) 2CU2O10  and  Bi2 (Sr. Ca) 2Cu20a.x  have  been  investigated  by 
neutron  and  X-ray  diffraction.  (Bai -xNd«)  a  (.Ndi -yCey)  2Cu308  «2  is  a  hybrid 
of  NdaCuO,  and  tetragonal  YBaaCuaOr-y  structures.  BiaSra (Ln i .,Ce,) aCuaO , o 
is  a  derivative  of  Bi aSr aCaCuaOa ,  where  the  Ca  layer  is  replaced 
by  a  NdaCuOa-type  slab  (Ln.CelaOa.  An  incommensurate  structure  of 
Bia (Sr. Ca) aCuaOa.x  has  also  be  clarified. 


I.  Crystal  structure  of  ( Ba i - xNdx ) a (Nd i - yCey)  aCuaOa ♦  x  Ll) 

Recently,  Sawa  et  al.  [2]  discovered  a  new  superconductor 
(Ba,-xLnx) a (Ln,-yCey) aCuaOa.x  (Ln  =  Nd.  Sm.  Eu  and  Gd)  with  Tc  of  40K  and  determined 
a  crystal  structure  of  (Bao.  aaEuc.  33)2 (Euo.  aaCeo.  33) 2Cu30a»x  by  Rietveld  analysis  of 
X-ray  powder  diffraction.  The  structure  is  a  hybrid  of  NdaCuO, (NCO)  and  tetragonal 
YBaaCu307 -y (YBCO)  structures  (see  Fig.  1).  However,  location  and  occupation  factor 
of  oxygen  cannot  be  determined  very  precisely  by  X-ray  diffraction.  Therefore, 
neutron  powder  diffraction  was  applied  to  refine  structure  parameters  of  an 
isomorphic  compound  (Bao.  83.Ndo.  37)2  (Ndo.  aaCeo.  la)  aCuaOa^z-  A  neutron  diffraction 
experiment  was  carried  out  on  a  high-resolution  neutron  powder  diffractometer  HRP  at 
KEK.  Observed  intensity  data  were  analyzed  by  Rietveld  method. 

Final  structure  parameters  based  on  space  group  I4/mmm  are  listed  in  Table  I. 
Tetragonal  lattice  parameters  were  refined  to  be  a  =  3.8747(4)  and  c  =  28.59913)  A. 
R-factors  are  Rwp  =  4.9,  Rp  =  3.7,  R,  =  3.9  and  R,  =  3.1%.  Figure  1  shows  the  crystal 
structure  of  (Bao.  aaNdo.  37)2  (Ndo.  aaCeo.  32)  aCuaOa.  92.  1  he  structure  contains  two  itinds 

of  slabs:  (CUO2)  l-'tO)  (CuOj)  (MO)  (CUO2)  of  a  YBCO-type  slab  and  (CuOa)  (M')  (O2)  (M')  (CuOa) 
of  an  NCO-type  slab.  Ba  with  a  larger  ionic  radius  locates  at  a  12-coordinate  M  site 
of  the  YBCO  slab,  while  Ce  with  a  smaller  radius  at  an  8-coordinate  M’  site  of  the 
NCO  slab.  Nd  with  an  intermediate  ionic  radius  occupies  both  the  M  and  M'  sites.  An 
oxygen  site  0(1)  on  a  CuO,  plane  of  the  YBCO  slab  is  deficient  and  the  occupation 
factor  g  =  0.46(2).  Atomic  arrangement  in  the  YBCO  slab  is  just  the  same  as  that  of 
a  tetragonal  form  of  a  solid-solution  compound  Ndi .xBaa-xCuaOa-y. 

II.  Crystal  structure  of  Bi aSra (Ln 1  - xCex ) aCu20 1 0  [3,4] 

A  new  oxide  superconductor  BizSr2(Lni-xCex)2Cu20(o(Bi-2222:  Ln  -  Sm,  Eu  and  Gd) 
with  Tc  of  30K  was  recently  discovered  by  Tokura  et  al .  [3].  The  material  is  single 

phase  for  Ce  concentration  x  ranging  from  0.03  to  0.25.  The  crystal  structure  was 
investigated  by  X-ray  and  electron  diffraction.  The  structure  is  tetragonal  with 
lattice  parameters  a  =  3.88  and  c  =  17.9  A.  Figure  2  shows  the  crystal  structure  of 
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—  MO 

—  CuOj 


Fig.  1.  Crystal  structure  of 
(Bai-xNdx) 2  (Ndi-yCey) aCuaOa+z* 
M  =  (Ba,Nd)  and  VI’  =  (\d,Ce). 


©  Sr 

•  Cu 

•  0 

0  tn  and  C« 

Fig.  2.  Crystal  structures  of 
(a)  Bi2Sr2 (Ln i -xCex)  aCuaOi o 
and  (b)  Bi 2Sr 2CaCu208 . 


Table  I.  Structure  parameters  of 
(Bao.  CaXdo.  37)2(Ndo.  63C60'.  32)2011308.  92* 


Atom 

Site 

X 

y 

z 

g 

B/A 

VI 

4e 

0 

0 

0.4244  (2) 

1 

1.3 

VI  ’ 

4e 

0 

0 

0.  2956  (1) 

1 

0.  3 

Cu  ( 1 ) 

2a 

0 

0 

0 

1 

0.4 

Cu(2) 

4e 

0 

0 

0. 1418  (1) 

1 

0.  5 

0(1) 

4c 

0 

1/2 

0 

0.46  (2) 

2.3 

0(2) 

4e 

0 

0 

0.0639  (2) 

1 

1.9 

0(3) 

Sg 

0 

1/2 

0.  3525  (1) 

1 

0.8 

0(4) 

4d 

0 

1/2 

1/4 

1 

0.9 

Bi-2222  in  comparison  with  Bi3Sr2CaCu208 (Bi“2212) .  The  structure  of  Bi~2222  is 
closely  related  to  that  of  Bi-2212.  A  Ca  layer  in  Bi-2212  is  replaced  by  an  NCO-type 
slab  (Ln.Ce)  {O2)  (Ln.Ce).  As  a  result,  opposed  bases  of  the  CuO*  pyramid  in  Bi-2222 
are  displaced  to  each  other  by  (a  +  b)/2.  X-ray  Rietveld  analysis  on  compounds  of 
Ln  -  Sm  (x  =  0.15,  0.20  and  0.25)  and  Ln  =  Gd  (x  =  0.25)  supports  the  structure 
model  (space  group  P4/nmni)  shown  in  Fig.  2.  The  same  structure  was  also  found  by 
electron  diffraction  in  T1 2 Ba, (Ln , - xCe, ) 2CU2O , 0 (Tl-2222 ) .  although  this  compound  is 
semiconducting. 

In  contrast  to  Tl-2222,  electron  diffraction  patterns  of  Bi-2222  revealed  that 
the  compound  shows  a  superstructure.  The  unit  ceil  of  the  superstructure  is  defined 
as  A  =  9v^2a.  B  =  v''2a  and  C  =  2c,  where  a  and  c  refer  to  the  tetragonal  lattice 
of  Fig.  2.  It  should  be  noted  that  modulation  along  the  A  axis  in  Bi-2222  is 
commensurate,  which  is  distinctive  from  incommensurate  Bi-based  superconductors 
Bi-2201 (Bi2Sr2CuO«) ,  Bi-2212  and  Bi-2223 (Bi2Sr2Ca2Cu30, 0) .  In  order  to  clarify 
the  modulated  structure,  single  crystal  X-ray  diffraction  worlc  was  carried  out  on 
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Bi2Sr2{Gdo.  asCeo.  i5)2Cu20io.  Precession  and  Weissenberg  photographs  confirmed  the 
commensurate  superstructure  found  in  electron  diffraction.  Then,  intensity  data  were 
collected  on  a  4-circle  diffractometer  using  .Vlo  Ka  radiation.  A  total  of  1260 
independent  reflections  were  measured,  out  of  which  640  reflections  with  Fo  ^  3a 
were  regarded  as  observed  and  used  in  structure  refinement. 

As  an  initial  step,  an  average  structure  (space  group  Cmma)  with  a  unit  cell  of 
v"2aXw^2aXc  was  determined  using  only  fundamental  reflections.  The  result  supports 
the  structure  model  shown  in  Fig.  2.  Resultant  structure  parameters  are  listed 
in  Table  II.  It  is  worth  noting  that  thermal  parameters  of  Bi,  0(2)  and  0(3)  are 
unusually  large,  where  0(2)  is  an  oxygen  atom  in  the  BiO  layer  and  0(3)  is  in  the 
SrO  layer  and  coordinated  to  Bi.  This  indicates  that  superlattice  modulation  occurs 
mainly  in  the  BiO  layer  and  the  atoms  in  this  layer  suffer  considerable  displacement 
from  the  average  positions.  Complete  understanding  of  the  modulated  structure, 
however,  must  await  full  analysis  of  superlattice  reflections,  which  is  currently  in 
progress. 

Table  II,  Structure  parameters  in  the  average 


structure 

of  Bi 

2  S  r  2 

(Gdo. 

asCeo.  15)200 

2  0  1  0  . 

Atom 

Site 

X 

y 

z 

B/A 

Bi 

4g 

0 

1/4 

0. 586  1  (1) 

4.3 

Sr 

4g 

0 

1/4 

0.2656  (2) 

2.8 

Gd.  Ce 

4g 

0 

1/4 

0.0692  (1) 

1,7 

Cu 

4g 

0 

1/4 

0.8322  (3) 

2.0 

0(1) 

81 

1/4 

0 

0.1610(8) 

2.0 

0(2) 

4g 

0 

1/4 

0.404  (2) 

14.8 

0  (3) 

4g 

0 

1/4 

0.704  (2) 

9.8 

0  (4) 

4a 

1/4 

0 

0 

2.6 

III,  Incommensurate  structure  of  Bi 2  (Sr, Ca) sCuaOa [5] 

It  is  well  known  that  Bi-based  superconductors  Bi-2201,  Bi-2212  and  Bi-2223 
show  Incommensurate  superstructures.  In  this  work,  incommensurate  modulation  of 
B i 2 (Sr, Ca) aCuaOa  ♦  X  was  investigated  by  a  newly  developed  Rietveld  program  for 
modulated  structures.  Structure  analysis  was  carried  out  by  simultaneous  refinement 
of  X-ray  and  neutron  powder  diffraction  data. 

An  average  structure  of  Bi-2212  is  shown  in  Fig.  2(b),  Modulation  occurs 
along  the  [110]  direction  of  the  tetragonal  lattice  of  Fig.  2(b).  This  direction  is 
defined  as  the  b  axis  of  the  modulated  structure.  Figure  3  shows  a  projection  of  the 
modulated  structure  on  the  b-c  plane.  It  is  seen  that  all  the  atoms  are  displaced 
from  the  average  positions.  In  particular,  displacement  of  Bi  occurs  mainly  along  the 
b  axis,  forming  Bi-condensed  and  Bi-dilute  regions.  This  result  is  in  accordance  with 
a  high-resolution  electron-microscopic  image  (Fig,  4)  by  Matsui  et  al.  [6].  Figure 
5  shows  a  projection  of  the  modulated  structure  on  the  a-b  plane.  As  shown  in  Fig. 
5(a),  extra  oxygen  atoms  are  incorporated  into  the  BiO  layer  and  expand  a  Bi-Bi 
distance  to  form  the  Bi-dilute  region.  Due  to  these  extra  oxygen  atoms,  oxygen 
content  is  given  as  x  =1.0.  Atomic  arrangement  in  SrO,  CUO2  and  Ca  layers  is  rather 
regular  as  seen  in  Fig.  5  (b) ~  (d) . 
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Fig.  3.  Projection  of  the  modulated 
structure  on  the  b^c  plane.  Solid  and 
open  circles  represent  metal  and  oxygen 
atoms,  respectively. 


Fig.  4.  High-resolution 
electron-microscopic  image  of 
Bi2(Sr,Ca)3Cu208+x  .6].  The  image 
shows  existence  of  Bi-condensed 
(marked  as  B)  and  Bi-dilute  regions, 
and  the  resultant  lattice  distortion. 


Fig,  j.  Projection  of  the  modulated  structure 
on  the  a-b  plane.  (a) -(d)  corresponds 
to  BiO,  SrO,  CuOa  and  Ca  layers.  Oxygen 
atoms  in  the  BiO  layer  show  occupational 
modulation,  and  oxygen  with  occupation  factor 
greater  than  0.4  is  drawn.  Arrows  show 
statistically  occupied  two  positions  with 
occupation  factor  near  0.5. 


From  examination  of  occupation  factors,  followings  are  concluded;  (1)  the  Bi 
site  is  occupied  only  by  Bi,  (2)  the  Sr  site  adjacent  to  the  Bi-dilute  region  is 
occupied  partly  by  Bi  and  Ca,  while  the  site  adjacent  to  the  Bi-condensed  region 
is  occupied  mostly  by  Sr  and  (3)  the  Ca  site  is  randomly  occupied  by  Ca  and  Sr. 

From  these  results,  chemical  composition  of  the  present  sample  is  determined 
to  be  Bia.  ^Sri.  4Cai.  3CU2O9.  0,  which  is  consistent  with  a  nominal  composition 
Bi2Sri.  sCai.  sCuaOy  taking  existence  of  a  small  amount  of  impurities  Ca2Cu03  and  CaO 
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into  account. 
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In  a  1-2-3-type  oxide  superconductor,  oxygen  defects  usually  give  a  negative 
effect  on  superconductivity,  but  In  different  degrees  for  different  systems. 
The  superconductivity  of  La2+jj®®2-x^*^3®y  (LBCO)  or  an  Impurity-doped  system 
YBa2Cu3_xMx0y  (M=Fe,Co)  Is  much  more  sensitive  to  oxygen  defects  than  the 
case  of  YBa2Cu30y  (YBCO).  In  this  article,  we  suggest  that  this  enhancement 
of  oxygen-deficiency  effect  In  the  former  two  systems  Is  associated  with  the 
oxygen  disordering  within  the  Cul-0  plane.  Preliminary  results  of  Monte 
Carlo  simulation  Is  presented  for  the  oxygen  disordering  in  the  Impurity- 
doped  YBCO  system. 

INTRODUCTION 


One  of  the  most  striking  aspects  of  1-2-3-type  oxides  Is  a  very  high  level  of 
oxygen  defects  which  is  Introduced  at  a  high  temperature  and/or  In  a  low  oxygen 
fugacity  atmosphere.  With  Increasing  oxygen  defects,  difference  between  a-  and  b- 
dimensions  in  a  orthorhombic  cell  becomes  smaller  and  at  some  oxygen  content,  the 
compound  is  transformed  to  tetragonal  structure.  In  YBCO.  oxygen  content  at  the 
transition  point  is  ca.  6.4  [IJ.  In  the  case  of  LBCO  [2]  or  some  impurity-doped  YBCO 
systems  [3],  the  orthorhomblc-to-tetragonal  transition  Is  Induced  not  only  by  oxygen 
defects  but  also  by  increasing  x-value  in  Lai*jjBa2.xCU30y  or  in  YBa2Cu3_xMx0y .  l.e.,  by 
substitution  of  the  Ba  or  Cul  site  with  foreign  elements.  In  these  systems,  oxygen 
ions  in  the  Cul-0  layer  are,  more  or  less,  disordered  compared  with  YBCO. 

Though  the  oxygen  deficiency  in  a  1-2-3  compounds  generally  suppresses  its 
superconductivity,  degree  of  suppression  is  widely  different  from  system  to  system.  In 
the  above-mentioned  LBCO  and  Impurity-doped  systems,  dependence  of  T^  on  the  amount  of 
oxygen  defects  is  far  more  pronounced  than  the  case  of  YBCO  [2,4].  In  this  article,  we 
propose  that  this  large  suppression  of  T^  is  associated  with  oxygen  disordering  within 
the  Cul-0  layer.  In  the  latter  half  of  this  paper,  we  report  preliminary  results  of 
Monte  Carlo  simulation  of  an  impurity-doped  YBCO  system  which  shows  satisfactorily  that 
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impurity  doping  induces  orthorhombic  to  tetragonal  transition. 

...  SUPPRESSION  BY  OXYGEN  DEFECTS 
J-c  - - 

Figure  1  indicates  dependence  of  on  oxygen  deficiency  for  YBagCugOy  and 

Ba  qCuoO  [2]  where  oxygen  defect  concentration  is  expressed  by  'iy=yniax"y  ^^max 
La^  3^“  1 . 9  o  y 

„eans  maximum  oxygen  content  in  one  atm  Og.  6.93  for  YBa2Cu30y  and  7.10 
Lai  iBai  gCugOy) .  The  dramatic  decrease  of  T^  in  Laj _ iBai _ gCugOy  by  small  amount  of 
oxygen  defects  should  be  emphasized:  the  superconductivity  is  completely  suppressed 
near  Ay=0.2  while  T^  is  still  as  high  as  70  K  in  the  YBCO  at  that  point. 

in  Fig. 2.  To  vs.4y  relations  are  shown  for  Fe-doped  YBCO  system  with  x=0.0,  0.05 
and  0.1  in  YBa2Cu3_xFex0y .  T^  is  not  suppressed  substantially  in  this  Fe-concentratlon 
range  if  the  sample  Is  well  oxidized.  However,  dependence  of  T^  on  oxygen  defect 
concentration  varies  very  largely  depending  on  the  Fe-concentratlon.  Superconductivity 
is  much  more  sensitive  in  the  sample  with  higher  Fe-concentratlon. 

FFFECT  of  oxygen  disordering  in  Cul-0  LAYER 

As  described  above,  partial  substitution  of  Ba  or  Cul  site  with  some  foreign 
elements  causes  orthorhombic-to-tetragonal  transition.  Takayama-Muromachl  et  al. 
explained  this  transition  by  extra  oxygen  ions  in  the  Cul-0  layer  which  are  located 


Fig.l.  Dependence  of  on  oxygen  deficiency  ^y  in 
YBa2Cu30y  and  .  9^^3^y * 


Fig. 2.  Dependence  of  on  oxygen  deficiency  y 
in  YBa2Cu3«3^FexOy  (x»0 . 0, 0 . 05,  0 . 1)  . 
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around  the  substitute  Cul  (or  Ba)  site  [2,5].  According  to  them,  if  the  Cu  in  the  Cui 
bit-n  is,  for  instance,  substituted  by  Fe .  two  additional  oxygen  ions  should  be 
introduced  around  the  Fe  ion  due  to  its  octahedral  site  preference  and  such  additional 
oxygen  ions  disturb  the  1-D  Cu-0  chain  to  cause  averaged  tetragonal  symmetry.  The 
large  suppression  of  in  LBCO  or  Fe-doped  YBCO  seems  to  be  associated  with  the  oxygen 
disordering  within  the  Cul-0  layer. 

To  discuss  the  effect  of  the  oxygen  disordering,  let  us  first  consider  completely 
ordered  state  in  an  oxygen-deficient  YBCO.  For  instance,  figure  3  shows  the  completely 
ordered  Cul-0  layer  of  the  YBCO  with  y=6.5.  In  the  figure,  every  two  Cu  line  is 
completely  filled  with  oxygen  ion  while  other  line  is  completely  vacant.  The  Cu  ions 
in  the  former  line  take  a  square  coplanar  coordination  whereas  those  in  the  latter  line 
take  a  linear  two  coordination.  It  seems  reasonable  from  the  crystal  chemical  feature 
of  the  Cu  ion  to  assume  that  the  Cu  in  the  square  coplanar  coordination  is  divalent  and 
that  in  the  linear  two  coordination  is  monovalent.  Then  we  can  calculate  concentration 
of  "free”  holes  by  assuming  that  Cu  in  the  Cu2  site  is  divalent  and  Ba  and  Y  ions  are 
divalent  and  trivalent,  respectively.  Figure  4  shows  variation  of  number  of  Cu^  ions 
(nCCu"^))  and  "free"  holes  (nj^)  per  unit  cell  as  functions  of  y  value.  When  the 
completely  ordered  state  is  assumed,  both  nCCu"^)  and  change  linearly  with  y  and  n^ 
is,  of  course,  larger  than  the  case  in  which  all  Cu  ions  are  assumed  to  be  divalent. 
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Fig. 3.  Completely  ordered  Cul-0  layer  for 
YBa2Cu30g  5, 

Fig.  4.  Hole  and  Cu"*"  concentration  as  functions  of 
y.  n^{0)  is  hole  concentration  assuming  no  Cu'*' 

,nj^(l)  or  n^(2)  is  hole  concentration  for  ordered 
and  disordered  state  ,  respectively.  n{Cu'*^)  (1)  or 
n  (Cu  )  (2)  is  Cu  concentration  for  ordered  and 
disordered  state,  respectively 
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Let  us  consider  the  other  simple  case,  l.e.,  the  completely  disordered  state.  If 
..xygen  ions  are  randomly  distributed  In  the  Cul-0  layer.  nCCu"")  and  n^  varies  as 
shown  in  Fig.  4.  (Here,  we  assume  that  only  Cu  ions  with  the  linear  two  coordination 
are  monovalent  and  other  Cu  ions  are  divalent.)  The  value  of  n(Cu'^)  of  the  disordered 
state  is  smaller  than  that  of  the  ordered  state  except  for  the  range  of  y  value  near 
7.0  and  njj  decreases  more  steeply  with  Increasing  oxygen  defects.  We  suggest  that  this 
steep  decrease  of  njj  causes  the  very  large  suppression  of  by  a  small  amount  of 
oxygen  defects  found  in  the  LBCO  and  impurity-doped  YBCO. 

monte  carlo  simulation  of  impurity-doped  YBCO 

Oxygen  order-disorder  phenomena  in  the  Cul-0  layer  was  simulated  using  Monte 

Carlo  method.  In  our  model,  energy  of  the  system  is  determined  by  the  coordination  of 

the  Cu  ion  or  a  doped- impurity  ion:  if  a  Cu  ion  in  the  Cul  site  takes  square  planar 

coordination  or  linear  two  coordination,  it  is  assumed  to  have  a  lower  energy  Vi<0 

while  if  it  takes  other  coordination,  it  has  a  higher  energy  V2>0.  On  the  contrary,  an 
impurity  ion  such  as  a  Fe  ion  prefers  octahedral  coordination,  so  that  energy  Vg  of  the 
impurity  ion  in  an  octahedral  coordination  is  low  and  that  of  other  coordination  (V^) 
Is  high.  In  the  present  study,  we  took  the  following  parameters:  -V7/kBT=V2/kBT=l . 3  and 
.y3/l4BT=V4/kBT=3 . 0 .  The  Monte  Carlo  simulation  was  performed  on  a  30x30  square  network 
of  metal  sites  (total  number  of  oxygen  sites  is  2x30x30)  at  fixed  number  of  oxygen  ions 
and  fixed  number  of  impurity  ions. 

We  first  simulated  the  system  without  impurity  ions.  A  random  configuration  was 
made  using  random  numbers  as  an  initial  configuration  and  the  Iteration  was  pursued  500 
Monte  Carlo  steps  per  oxygen  site.  The  resulting  structure  is  shown  in  Fig.  5  (a  large 
open  circle  indicates  a  oxygen  ion  and  small  one  indicates  a  Cu  ion).  It  is  seen  that 
ID  Cu-0  chain  is  formed  giving  an  almost  perfect  orthorhombic  structure.  It  was 
confirmed  that  orthorhombic-to-tetragonal  transition  occurred  by  removing  oxygen  ions 
at  y'v  6 . 4 . 

Figure  6  shows  a  structure  simulated  for  the  system  Including  Impurity  Ions  (an 
Impurity  Ion  Is  expressed  by  a  small  filled  circle).  Oxygen  content  y  was  fixed  to  be 
7.0  and  concentration  of  the  Impurity  Ions  at  the  Cul  sites  was  also  fixed  to  0 . 06 .  In 
this  simulatton,  oxygen  and  metal  ions  were  both  allowed  to  change  their  sites.  l-D 
Cu-0  chains  of  one  direction  are  seen  in  Fig.  6  and  tetragonal  structure  was  not 
obtained.  Here  we  should  note  that  an  impurity  doped  compound  Is  usually  synthesized 
at  higher  temperatures  where  oxygen  content  of  the  product  Is  much  less  than  7.0  and 
oxidation  is  done  at  lower  temperatures  after  syntheses.  To  simulate  this  heat 
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process,  two-step  simulation  was  performed:  at  the  first  simulation,  oxygen  content  was 
I  .v.u  at  6.5  and  both  metal  and  oxygen  ions  were  allowed  to  change  their  sites  (the 

resulting  structure  is  shown  in  Fig.  7(a))  then  at  the  second  step,  additional  oxygen 

ions  were  introduced  randomly  until  y=7.0  and  iteration  was  pursued  by  fixing  positions 

of  impurity  ions  (only  oxygen  tons  were  allowed  to  change  their  sites).  A  "twin 
structure"  is  obtained  as  a  final  structure  (Fig.7(b) ) .  If  each  domain  of  the  twin 
structure  is  small  enough  (micro  twin  structure),  such  structure  will  be  recognized  to 
be  tetragonal  by  the  X-ray  analysis.  Thereby,  the  present  simulation  shows 
satisfactorily  the  orthorhomblc-to-tetragonal  transition  by  impurity  doping. 

Figures  8(a-b)  are  the  results  of  the  same  two-step  simulation.  But  the  oxygen 
content  is  fixed  to  be  6.2  at  the  first-step  simulation.  In  the  resulting  structure 
of  the  first-step  simulation  (Fig.  8(a)).  a  large  cluster  of  impurity  ions  is  seen  to 
be  formed  and  final  structure  (Fig. 8(b))  is  not  tetragonal  but  orthorhombic.  This  is 
consistent  with  a  experimental  results.  It  has  been  reported  that  or thorhomblcity  is 
recovered  in  a  Fe-doped  sample  if  the  tetragonal  compound  is  annealed  In  a  low  oxygen 

fugacity  atmosphere  and  then  is  oxidized  again  at  a  lower  temperature  [4]. 
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A  few  topics  on  the  properties  of  compounds  in  the  K^NiF^  (2-1-4)  structure 
are  presented.  In  ( La  ^  _  j^Daj^ )  2CUO4  .  a  first-order  structural  transition  from 
orthorhombic  to  low- temperature  tetragonal  phase  occurs  at  x  around  0.06. 

The  strong  suppression  of  superconductivity  in  this  tetragonal  phase  is 
further  characterized  by  resistivity  measurements  under  hydrostatic 
pressure  up  to  18  kbar  and  by  partial  substitution  for  Ba  by  Sr.  The  system 
( Lai-_j^Srj^  )2Ni04  exhibits  anomalies  behavior  at  x  0.3,  associated  with  the 
transition  from  high-spin  to  low-spin  configuration.  Unusual  magnetic  and 
transport  behavior  near  x  =  0.50  is  compared  with  that  of  (Lar  ,,Sr  )oUuOi 

l-X  X'Z"'  4 

near  x  =  0. 

I.  Superconductivity  and  the  low- temperature  tetragonal  phase  in  ( La^  _  j^Daj^ )  2CUO4 

The  crystal  symmetry  of  ( La  j  2CUO4  (LBCO)  at  room  temperature  is  known  to  be 
tetragonal  (I4/mmm)  for  x  >  0.05  and  orthorhombic  (Cmca)  for  x  <  0.05.  In  the  early 
stage  of  the  research  in  high-T^  superconductors,  we  reported  a  crystallographic, 
magnetic  and  superconductive  phase  diagram  of  this  system  [1],  As  the  temperature  is 
reduced,  LBCO  with  x  <  O.IO  undergoes  a  structural  change  from  tetragonal  high- 
temperature  phase  (THT)  to  the  orthorhombic  phase  (OMT)  at  an  x-dependent  transition 
temperature,  T^j,  which  decreases  from  530  K  for  x  =  0  with  increasing  x.  Fleming  et 
al.  [2]  reported  a  similar  structural  change  in  ( La  j  _  j^Sr^^ )  2CUO4 .  Recently,  Axe  et  al  . 
[3]  performed  both  X-ray  and  neutron  diffraction  experiments  on  LBCO  with  x  =  0.05  and 
reported  a  transition  to  a  new  tetragonal  low- temperature  phase  (TLT)  with  P42/ncm 
symmetry  below  52  K.  Such  a  sequence  of  transition  as  THT-OMT-TLT  is  quite  peculiar 
because  apparent  symmetry  restoration  is  involved  in  the  second  transition  to  TLT.  It 
should  be  noted  that  the  same  sequence  of  transitions  has  been  known  in  the  K2NiF4- 
type  compound  (CH3NH3) 2FeCl4  (MAFeC)  [4]. 

The  structures  of  OMT  and  TLT  differ  in  a  subtle  way  in  the  ordering  of  the 
tilted  oxygen  octahedra  [3].  However,  this  subtle  difference  in  the  structure  results 
in  a  drastic  change  in  the  superconducting  properties.  The  transition  temperature  T^^ 
is  sharply  depressed  in  the  range  of  x  in  which  the  transition  to  TLT  occurs.  A 
precise  characterization  of  both  the  structural  and  superconductive  anomaly  in  LBCO 
would  thus  give  us  a  clue  to  understand  the  pairing  mechanism  in  the  cuprate 
superconductors . 

Samples  used  in  this  study  were  prepared  by  solid-state  reaction  as  described  in 
Ref.  5.  The  Ba  concentration  of  the  samples  was  x  =  0,  0.019  (0.016+0.001),  0.035 
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(0.02810.001).  0.039  ( 0 . 032.t0 . 00 1 ) .  0.047  ( 0 . 04 1 lO . 002 ) .  0.059  ( 0 . 05 liO . 004  )  ,  0.071 
(0.065-0.004).  0.079  ( 0 . 068i0 . 003 ) .  0.10  (  0 . 087i0 . 00 1  )  and  0.12  ( 0 . 1 06i0 . 00 1 ) .  where 
values*  in  the  parentheses  were  determined  by  electron-probe  microanalysis.  Note  that 
the  variation  of  the  Ba  concentration  within  a  sample  is . systemat icaily  greater  for  x 
around  0.06. 

Powder  X-ray  diffraction  measurements  were  carried  out  by  using  a  conventional 
diffractometer  with  CuK«  radiation.  continuous-flow  cryostat  (Oxford  Instruments 
CF1108)  was  used  for  the  measurements  at  reduced  temperatures.  Since  a  first-order 
transition  was  expected,  temperature  variation  was  controlled  to  be  slower  than  5  K 
per  hour.  In  Fig.’l  (a),  the  relative  variation  of  the  lattice  parameters  (using  the 
notations  for  the  THT  phase  a  and  b  .  which  are  related  to  the  OMT  parameters  a*  and 
b*  by  a  =  a* /'ll  and  b  =  h*/'f2)  with  temperature  are  plotted  for  x  =  0.059.  The  lattice 
parameters  at  room  temperature  are  a  =  3.78  A  and  c  -  13.27  A.  As  is  clearly  seen, 
changes  in  a  and  b  are  gradual  at  T^i  =  210  K  (THT  to  OMT),  whereas  they  are  abrupt  at 
T  ,  =  49  K.  Moreover,  as  in  Fig.  I  (b)  hysteresis  over  5  K  on  cooling  and  warming 
exists  in  the  OMT-TLT  transition.  These  results  strongly  suggest  that  the  THT-OMT 
transition  is  of  the  second  order,  whereas  the  OMT-TLT  transition  is  of  the  first 
order.  These  are  consistent  with  the  group  theoretical  arguments  which  state  that  the 
OMT-TLT  transition  should  be  of  the  first  order,  since  the  TLT  symmetry  (P42/ncm)  is 
not  a  subgroup  of  the  OMT  symmetry  (Cmca).  , 


.^Lg.  l{aj  Relative  variation  of  the  lattice  parameters  with  temperature  tor  the 
sample  of  (Laj._,(Ea_,()2Cu04  with  x=0.059.  (bi  The  lattice,  parameters  a  and  b  for 
the  same  sample.  The  measurement  in  (b)  was  performed  both  on  cooling  and 
heating  at  a  rate  slower  than  5  K  per  hour. 
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The  phase  diagram  illustrated  in  Fig.  2  summarizes  the  results  of  our  X-ray 
studies  on  various  LBCO  samples.  When  temperature  is  very  slowly  reduced,  the 
structure  sequence  of  the  THT-OMT-TLT  phases  is  found  for  samples  with  0.035  i'  x  < 
0.10.  The  transition  temperature  T^j  appears  to  depend  almost  linearly  with  x.  As  in 
Fig.  3.  the  superconducting  transition  temperature  T^,  shows  an  anomalous  dip  around  x 
=  0.06,  where  the  TLT  transition  temperature  T^jg  attains  its  maximum. 

Figure  4  shows  the  temperature  dependence  of  the  electrical  resistivity  of  the 
sample  with  x  =  0.06  at  various  measurement  pressures  up  to  18  kbar.  At  ambient 
pressure,  the  resistivity  shows  a  minimum  at  62  K,  which  is  more  than  10  K  higher  than 
T^2.  and  the  resistivity  drop  associated  with  superconductivity  occurs  in  two  steps. 
These  three  characteristic  features  are  commonly  seen  in  samples  with  x  around  0.0*6 
prepared  under  various  heat  treatments,  including  the  post-annealing  in  oxygen  at  100 
bar.  No  hysteresis  was  observed  in  the  temperature  dependence  of  these  features 
whether  the  samples  were  quickly  cooled  or  annealed  at  temperatures  slightly  below  T^jg 
for  a  few  days  before  resistivity  measurements.  By  applying  pressure,  the  lower  T^  for 
the  second  superconducting  transition  increases  at  a  rate  of  0.8  K/kbar  up  to  10  kbar, 
which  is  about  four  times  the  rate  for  the  orthorhombic  sample  with  x  =  0.08.  We  have 
not  carried  out  any  structural  study  at  high  pressure,  but  we  expect  Tj2  to  decrease 
with  increasing  pressure.  In  this  connection,  it  is  interesting  to  note  that  in  MAMC 

with  M  =  Fe  mentioned  above,  7^2  (OMT-TLT)  decreases  from  233  K  at  0  kbar  to  216  K  at 
5  kbar  [ 4 ] , 


Fig.  2.  Phase  diagram  of  (La^ )2Cu04 .  The 
transition  temperatures  and  1^3 

determined  by  X-ray  diffraction. 


Fig.  3.  T^2  determined  by  X-ray  diffraction  and 
determined  by  resistivity  as  functions  of  x  in 
(Laj_jjBajj)2Cu04.  An  anomalous  dip  in  is  clearly 
seen  around  x=0.06. 
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Fig.  4.  Pressure  dependence  of  the  electrical 
resistivity  for  (La^.j^Bajj)2Cu04  with  x  =  0.06. 


Fig.  5.  The  variations  of  determined  by  the 
resistivity  and  the  diamagnetic  volume  fraction  at 
4.2  K  as  functions  of  the  Sr  concentration  y  in 

*  . 9375^®0 . 0625-y^''y  •  ■ 


Anomalous  dip  in  T^,  also  exists  in  ( Laj  t  1  •  although  structural 
change  to  TLT  phase  has  never  been  reported  in  this  system.  In  order  to  examine  a 
connection  between  superconductivity  and  ®  different  way,  we  prepared 
(t-ao  9375880. 0625-ySry)2CaO4  with  0  <_  y  <  0.0625.  The  value  0.0625  was  chosen  so  that 
exactly  1/16  of  the  La-site  is  occupied  by  the  divalent  atoms  as  discussed  below.  The 
variations  of  T^,  determined  from  the  resistivity  and  the  diamagnetic  fraction  at  4.2  K 
for  samples  field-cooled  under  24  Oe  are  presented  as  functions  of  the  Sr  content  y  in 
Fig.  5  (a)  and  (b),  respectively.  For  small  y.  the  mid-point  T^,  remains  below  10  K, 
and  at  the  same  time  the  diamagnetic  fraction  is  an  order  of  magnitude  smaller  than 
that  for  greater  Sr  content.  From  the  temperature  dependence  of  the  diamagnetic 
susceptibility,  it  is  concluded  that  the  component  which  is  responsible  for  the  first 
onset  at  about  33  K  is  not  a  bulk  superconductor.  As  y  is  increased  above  0.025.  a 
sharp  increase  in  both  Tj,  and  the  diamagnetic  fraction  occur,  and  they  tend  to 
saturate  for  y  close  to  0.0625.  We  are  currently  investigating  the  variations  of  7^2 
of  these  samples. 

We  have  described  anomalous  structural  and  superconducting  properties  of  LBCO 
with  X  ^  0.06.  It  is  interesting  to  consider  why  the  anomaly  exists  at  this  particular 
range  of  x.  Since  the  anomaly  in  also  appear  in  LSCO,  it  is  unlikely  that  change  in 
the  average  ionic  radius  of  the  La  site  by  doping  plays  an  essential  role.  The  unit 
cell  of  the  TLT  phase  is  twice  as  large  as  that  of  the  THT  phase  (a*  =  >/2a  and  c  =  c) 
but  the  cell  which  contains  one  complete  rotation  of  the  spiral  of  the  tilted  oxygen 
octahedra  contains  16  equivalent  La  sites.  It  is  natural  to  speculate  that  the 
presence  of  a  foreign  ion  with  different  valency  or  ionic  radius  from  those  of  La  in 
one  of  these  16  La  sites  would  promote  the  stability  of  the  TLT  phase.  In  reality,  the 
transition  to  the  TLT  phase  occurs  not  only  in  the  intimate  vicinity  of  x  =  0.0625. 
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but  in  a  much  wider  range  of  x,  0.035  1  x  ^  0.10.  The  width  of  the  (110)  X-ray 
diffraction  peak  for  TLT  is  noticeably  wider  than  the  corresponding  one  for  THT  [5]. 
There  is  an  intrinsic  reason  for  a  large  degree  of  structural  disorder  in  the  TLT 
phase.  Because  of  the  presence  of  a  pair  of  anti-phase  domains  with  opposite  signs  of 
rotation  of  the  spiral  of  ordered  oxygen  octahedra,  the  size  of  the  coherent  domains 
in  the  TLT  phase  is  expected  to  be  greatly  reduced  compared  to  that  in  the  OMT  phase. 
In  addition,  even  the  possibility  of  the  coexistence  of  both  TLT  and  OMT  domains 
within  the  samples  cannot  be  ruled  out.  As  noted  above,  the  variation  in  x  within  the 
samples  were  systematically  greater  for  x  around  0.06  already  at  room  temperature.  It 
is  not  known  whether  there  is  any  intrinsic  reason  for  this  variation. 


Let  us  now  consider  the  relation  between  the  structural  change  and  the 
superconducting  and  normal -t ransport  properties.  We  argued  above  that  the  presence  of 
the  minimum  in  the  resistivity  at  about  60  K  is  unlikely  to  be  a  direct  consequence  of 
the  OMT-TLT  structural  change,  although  they  may  well  originate  from  the  same  physical 
mechanism.  It  cannot  be  concluded  whether  the  superconductivity  with  T^^  .at  about  10  K 
is  an  intrinsic  property  of  the  TLT  phase.  Because  of  the  very  short  coherence  length 
of  the  cuprate  superconductivity.  it  is  expected  that  not  only  T^  but  also  the 
Meissner  fraction  is  strongly  reduced  in  the  presence  of  a  great  degree  of  structural 
disorder,  which  is,  as  discussed  above,  is  in  practice  inevitable  in  the  TLT  phase. 
Another  intriguing  possibility  is  that  the  superconductivity  is  very  sensitive  to  a 
particular  phonon  mode  which  is  expected  to  change  substantially  at  the  OMT-TLT 
transition.  The  fact  that  LSCO  without  phase  change  to  TLT  also  exhibits  the  anomaly 
in  T^  suggests  that  the  anhamonicity  in  the  particular  mode  of  lattice  vibrations, 
which  leads  to  stabilize  TLT  in  the  case  of  LBCO,  may  play  an  important  role  in 
superconductivity.  Quite  recently,  it  is  reported  [8]  that  the  oxygen  isotope  effect 
in  both  LSCO  and  LBCO  shows  a  dramatic  enhancement  in  up  to  0.6  for  x  around  0.06. 

of 
in 
the 
OMT 
the 


These  results  point  to  the  essential  involvement  of  phonons  in  the  mechanism 
superconductivity  in  these  systems.  Both  high  pressure  and  the  introduction  of  Sr 
place  of  Ba  act  to  suppress  the  stability  of  TLT.  and  both  lead  to  enhance  T^  of 


anomalous 


state  with  x  0.06.  Thus,  competition  between  the  original  T^  in 


the 


phase  and  T^2  structural  change  is  quite  important  in  order  to  understand 

anomalous  behavior  in  superconductivity  in  these  compounds. 
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•p  High-spin  and  low-spin  configurations  in  ( La, .^Sr^ ) 2N1O4 


in  this  section,  we  will  describe  anomalous  physical  properties  of 
(La  -xS^'x  (LSNO),  another  compound  in  the  K2NiF4  structure.  We  focus  on  the 
following  two  aspects  involved  in  this  system.  One  is  the  anomalies  in  the  x- 
dependences  of  various  physical  properties  at  x  -  0.3.  originating  from  the  change 
from  the  high-spin  to  the  low-spin  state  of  the  d-electrons.  The  other  is  unusual 
magnetic  behavior  at  x  around  0.5.  which  is  compared  with  that  of  LSCO  at  small  x(Sr). 


The  crystal  structure  of  La2Ni04^5  at  room  temperature  is  known 
orthorhombic  if  SCf  0.  but  is  transformed  to  tetragonal  by  a  small  amount  of 
oxygen  S  >  0.05  [9).  Both  the  transport  and  magnetic  properties  for  x 
consistent  with  that  for  the  localized  3d®  electron  system  of  Ni^*  in  the  h 
configuration  with  S  =  1 .  On  the  other  hand,  an  EPR  spectrum  of  LSNO  with 
indicates  that  Ni^*  is  in  the  low-spin  configuration  [10]. 


to  be 
excess 
=  0  are 
igh-spin 
X  =  0 . 5 


Polycrystalline  samples  of  LSNO  were  prepared  by  heating  the  mixture  of  the 
powders  of  La203 .  SrCOj  and  NiO  at  1100--..  1290*C  in  air  for  a  total  of  5  days  with 
several  intermediate  grindings.  Unless  specified,  the  data  shown  below  are  taken  on 
samples  furnace-cooled  in  air  in  about  12  hours.  Powder  X-ray  diffraction  spectra 
indicate  that  the  samples  with  x  <  0.6  were  of  single-phase  in  the  K2NiF4  structure. 
Figure  6  show.s  the  variations  of  the  lattice  parameters  at  room  temperature  and  their 
ratio,  c/a,  with  x.  Samples  with  x  =  0  did  not  show  any  orthorhombic  distortion. 
Although  we  have  not  determined  the  amount  of  off-stoichiometric  oxygen. 5  .  this  is 
expected  because  they  were  prepared  in  air  and  contain  excess  interstitial  oxygen. 
With  increasing  x,  a  sharp  change  in  the  x-dependence  of  the  lattice  parameters  takes 
place  at  X  =  0.25~  0.30,  consistent  with  the  results  of  Takeda  et  al.  [HI.  This 
change  is  reflected  in  both  the  resistivity  and  magnetic  susceptibility. 


Fig.  6.  Variation  of  the  lattice  parameter  and 
their  ratio,  c/a.  in  (Laj.jjStjj)  2Ni04,^J  . 


Fig.  7.  Resistivity  />  at  room  temperature  as  a 
function  of  x  in  (La[.jjSrj()2Ni04*j  ■ 
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The  resistivity  /?  at  room  temperature,  shown  in  Fig.  7,  attains  maximum  at 
0.2.  Relatively  small  resistivity  at  room  temperature  for  x  =  0  might  be  due  to 
the  carriers  doped  excess  oxygen.  The  temperature  dependence  of  p  is  semiconduct ive 
for  small  x.  By  increasing  x  further  above  0.3,  the  temperature  coefficient  of  p  tends 
to  become  positive.  Above  x  =  0.45,  the  conduction  becomes  metallic  near  room 
temperature  and  shows  a  transition  from  itinerant  to  localized  behavior  at  T^  =200  K 
for  X  =  0.45  and  100  K  for  x  =  0.55.  Below  T^.  the  temperature  dependence  of  the 
resistivity  could  not  be  fitted  very  well  either  with  the  the  form  for  variable-range 
hopping  in  two  or  three  dimension  or  an  activated  form. 

Figure  8  shows  the  magnetic  susceptibility  below  room  temperature  for  selected 
values  of  x.  For  x  =  0,  X  is  quite  sensitive  to  the  amount  S  ♦  and  thus  the  way  samples 
were  heat  treated  [12].  As  shown  by  the  closed  circles  in  Fig.  8  ,  the  sample  furnace- 
cooled  in  air  exhibited  a  pronounced,  sharp  peak  in  %  at  the  Neel  temperature 
Tjyj  =110  K,  whereas  the  sample  rapidly  cooled  in  air  from  1000*C,  as  represented  by  the 
open  circles,  shows  much  smaller  peak  at  Tj^j  60  K.  Unlike  La2Cu04 ,  stoichiometric 
(JaO)  crystal  of  La2Ni04  in  the  orthorhombic  structure  does  not  show  such  a  clear 
anomaly  in  X  .  because  the  magnetic  moments  of  Ni^"^  ions  are  not  canted  in  the 
ant i f erromagne t ic  state.  In  any  case,  the  molar  susceptibility  at  room  temperature  is 
about  twenty  times  greater  than  that  for  La2Cu04.  The  value  of  %  at  room  temperature 
decreases  with  x.  but  the  rate  of  decrease  with  x.  shows  anomaly  at  x  ^  0.3  and  becomes 
two  times  more  rapid  for  x  above  0.3.  At  the  same  time,  the  Curie-Weiss  component 
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Fig.  8.  Variation  of  the  magnetic  susceptibility  Fig.  9.  Magnetic  susceptibility  up  to  700  K  for 

with  temperature  for  ( la^ 2Ni04^5 .  samples  of  (Laj_j^Srx)2Ni04^5  with  x  close  to  0.5. 

The  temperature  coefficient  of  X  increases  with  x 
and  becouies  positive  for  x  >,0.5. 
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decreases  with  x,  and  for  x  >  0.50  the  temperature  coefficient  of  X  even  changes  sign 
and  becomes  positive  for  temperature  down  to  about  100  K.  below  which  the  upturn  in  X 
is  observed,  probably  due  to  localized  3d  electrons  which  amounts  to  a  few  percent  of 
the  total  Ni  atoms. 

Figure  9  shows  the  susceptibility  up  to  700  K  for  selected  samples  with  x  around 
Q  5  Because  the  samples  are  exposed  to  He  gas  in  the  SQUID  magnetometer  and  are 
expected  to  release  oxygen  at  high  temperatures,  special  care  was  paid  to  check  the 
reversibility  of  during  the  temperature  excursions.  The  temperature  coefficient  of 
the  susceptibility  above  about  200  K  systematically  increases  with  x  and  becomes 
positive  for  x  >  0.5.  For  x  =  0.60,  %  tends  to  saturate  above  600  K,  suggesive  of  the 
presence  of  a  broad  maximum.  Such  behavior  is  quite  similar  to  the  susceptibility  of 
(La|  ^  [1^]’  decreasing  x  from  above  0.1,  the  temperature 

coefficient  of  %  changes  sign  from  negative  to  positive,  and  the  broad  maximum  in  % 
appears  at  temperature  which  increases  toward  x  =  0.  This  behavior  is  interpreted  as 
due  to  the  two-dimensional  ant i ferromagnet ic  correlation  between  Cu  spins,  with  the 
correlation  length  increasing  toward  x  =  0. 


Fig.  10.  Variation  of  the  ratio  of  the  molar  Fig.  11.  Values  of  the  molar  spesific  heat  devided 

specific  heat  to  temperature.  C/T.  with  T“  for  by  temperature.  C/T,  at  2  and  10  K  for 

{La|.jj3rj^)2Ni04,,5.  The  sample  with  x  =  0  furnace-  ( Lai -x^^x  +  S  *  Furnace-cooled  samples  were 

cooled  in  air  (slow-cooled)  shows  a  pronounced  used  for  the  measurements, 
hump  in  C/T  at  low  temperature. 
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The  specific  heat  was  measured  between  1.8  and  20  K  by  using  an  adiabatic 
caloriineter  with  a  mechanical  heat  switch.  In  Fig.  10,  the  molar  specific  heat  divided 
by  temperature,  C/T,  is  plotted  against  T  for  the  samples  used  in  the  measurements  of 
the  magnetic  susceptibility  shown  in  Fig.  8.  The  lattice  is  significantly  hardened  for 
large  x,  as  indicated  by  the  decrease  in  the  slope  of  C/T  against  T^,  from  which  the 
Debye  temperature  is  estimated  to  increase  from  345  K  for  x  =  0  to  450  K  for  x  =  0.50. 

Samples  slowly  cooled  in  air,  presumably  with  a  greater  amount  of  excess  oxygen 
especially  for  small  x,  show  pronounced  humps  in  C/T  at  low  temperatures.  In  order  to 
characterize  the  relative  magnitude  of  these  humps,  the  values  of  C/T  at  2  and  10  K 
are  plotted  against  x  in  Fig.  11.  A  clear  correlation  exists  between  the  variation  of 
the  magnitude  of  the  humps  with  x  and  the  anomalies  at  x  =  0.2^  0.3  observed  in  other 
physical  quantities,  which  are  ascribed  to  the  transition  from  the  high-spin  to  low- 
spin  state.  It  is  not  likely  that  the  anomalous  hump  in  the  specific  heat  is  an 
intrinsic  properties  of  the  stoichiometric  LSNO,  because  it  depends  heavily  on  the 
conditions  of  the  heat  treatment  as  shown  in  Fig.  10  for  the  two  samples  with  x  =  0. 
The  temperature  dependence  of  the  specific  heat  is  fitted  with  C  =YT  +/? T^  +  o(  C^ , 
which  contains,  in  addition  to  the  standard  electronic  and  lattice  contributions,  the 
Schottky  term,  C^jfor  the  two-level  system  with  the  energy  separation  A  .  A 
satisfactory  fit  is  obtained  if  a  broad  distribution  for  the  energy  separation 
centered  at  A  is  introduced  in  the  analysis.  The  values  of  A  are  between  15  and  20  K 
and  do  not  depend  in  any  systematic  way  on  x.  From  the  curve  for  the  slowly  cooled 
sample  with  x  =  0  in  Fig.  8.  we  obtain  A  =  17  K,  the  width  W  =  9  K  and  =  0.05.  If 
the  two-level  system  originates  from  the  resonant  tunneling  of  an  excess  oxygen  atom 
between  equivalent  interstitial  sites,  it  is  inferred  that  of  is  equivalent  to  the 
amount  of  excess  oxygen  contained  in  each  formula  unit.  It  is  interesting  to  note  the 
qualitative  correlation  between  the  magnitude  of  the  Curie-Weiss  component  in  the 
susceptibility  and  of  the  hump  in  C/T.  since  interstitial  oxygen  atoms  also  create 
impurity  levels  for  the  d-electrons  of  Ni  ions  and  give  rise  to  localized  moments.  It 
is  not  clear  why  the  strong  suppression  of  the  Schottky  hump  in  C/T  occur  for  x 
greater  than  0.2,  because  it  is  reported  that  the  amount  of  oxygen  varies  little  in 
this  range  of  x  [11]. 

We  have  described  various  physical  properties  of  LSNO  which  depend  anomalously  on 
X.  Below  X  of  about  0.3.  the  electrons  are  in  the  high-spin  configuration  and 
localized.  resulting  in  the  negative  temperature  coefficient  of  the  resistivity  and 
the  Curie-Weiss  susceptibility.  For  greater  values  of  x,  the  d-electrons  tend  to  be 
delocalized  and  provide  metallic  conductivity  for  x  >  0.40  down  to  a  certain 
temperature  which  decreases  with  increasing  x.  At  the  same  time.  the  susceptibility 
becomes  Pauli-like  and  the  positive  temperature  coefficient  in  X  is  realized  for 
x  >  0.50. 
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Because  of  the  low-spin  configuration,  the  system  ( La^ .  jjSCjj  )2Ni04  with  x  around 
0.5  have  common  features  to  ( La i .^Sr^) 2CUO4  with  x  close  to  0.  Both  are  spin  1,'2 
systems  (3d"  for  Ni  and  3d^  for  Cu)  and  show  positive  temperature  coefficient  of  X  . 
which  for  LSCO  is  ascribed  to  the  two-dimensional  antiferromagnetic  correlation 
between  the  spins.  By  doping,  both  systems  exhibit  metallic  conductivity.  There  are, 
however,  significant  differences.  We  have  not  found  any  ant i ferromagnet ic  ordering  for 
X  =  0.50  in  LSNO,  whereas  in  LSCO  with  x  =  0,  Tjj  =250  K  and  dissapeares  rapidly  by 
doping  with  x  as  small  as  0.01  [1,13].  In  LSNO  with  x  =  0.50.  the  electrons  occupy 
quarter-filled  (f*  band  because  of  the  orbital  degeneracy  of  the  and  l,d^2.y2. 
whereas  in  LSCO  with  x  =  0,  they  are  in  the  half-filled  J*  band.  For  better  comparison 
with  the  superconductive  Cu  system,  it  is  desired  to  study  related  Ni  oxide  compounds 
in  which  the  orbital  degeneracy  is  relaxed. 

The  authors  are  grateful  to  A.  Odagawa  and  N.  Kakehi  for  their  contributions  in 
this  work. 
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Ultrasonic  attenuation  and  velocity  have  been  measured  down  to  1.5  K  in 
La^  Ba  CuO^  ,  and  La.,  Sr  CuO.  .  with  7  MHz  longitudinal  waves.  On 
cooling  from  room  temperature,  pronounced  softening  of  the  lattice  is 
observed  for  0.09  ^  x  ^  0.20  down  to  the  transformation  temperature  from 
the  tetragonal  high-temperature  phase  to  the  orthorhombic  phase,  and 
a  large  attenuation  peak  is  observed  at  Below  the  lattice 
remains  soft.  The  further  low-temperature  transformation  from  the 
orthorhombic  phase  to  the  tetragonal  low-temperature  phase  is  observed 
with  partial  lattice  stiffening  and  a  small  attenuation  peak  not  only  for 
La.,  Ba  CuO,  .  but  also  for  La^  Sr  CuO.  ..  Correlation  between 
superconducting  and  hole  concentration  has  been  investigated  in  the 
Bi.,Sr.,CaCu-OQ  .  system.  The  hole  concentration  is  varied  by  substituting 
cations  with  different  valences  for  Sr  or  Ca.  We  find  that  increases, 
takes  a  maximum  at  the  hole  concentration  corresponding  to  0.2  -  0.3  holes 
per  CUO2  unit,  and  then  decreases,  with  increasing  hole  concentration, 
similarly  to  those  in  the  La2_^Sr^CuO^_^  and  YBa2CUgO^_^  systems. 

1.  Ultrasonic  Properties  in  La2_j^Ba^CuO^^^  and  La2_j^Sr^CuO^_^^ 

In  spite  of  subsequent  finding  of  new  materials  with  higher  superconducting 
transition  temperature  T^,  the  doped  La2CuO^  (LCO)  system  discovered  by  Bednorz  and 
Muller has  continued  to  receive  special  interest,  because  this  system  has  a 
relatively  simple  crystal  structure  and  is  believed  to  share  a  common  superconducting 
mechamism  to  other  high-T^  copper-oxide-based  systems.  The  crystal  structure  of 
La^_  Ba  CuO._  (LBCO)  and  La^^  Sr  CuO.^  (LSCO)  is  a  layered  perovskite  of  K2NiF^ 
type.  As  the  temperature  is  lowered,  a  structural  phase  transformation  from  the 
tetragonal  high-temperature  phase  (THT;  space  group  I4/mmm)  to  the  orthorhombic  phase 
(OMT;  space  group  Cmca)  takes  place. The  transformation  temperature,  T^^,  about 
515  K  in  the  undoped  material  {x=0) ,  decreases  with  increasing  Ba  or  Sr  concentration 

X  , 

For  LBCO  X-ray  and  neutron  scattering  experiments  confirmed  a  further 
low-temperature  phase  transformation  to  the  tetragonal  phase  (TLT;  space  group 
P4.,/ncm)  in  a  narrow  region  around  x  =  0.12.^^'^^  The  low-temperature  phase  diagram 
was  presented  by  several  authors  and  the  close  relation  between  the  structural 
transformation  (transformation  temperature  is  expressed  as  depression 
of  around  x  =  0.12  was  pointed  out.  In  this  paper,  we  report  our  ultrasonic 
experiments  of  La2_j^Ba^CuO^_^  and  La2_j^Sr^CuO^_^  with  0  ^  x  $  0.20  and  drastic 
anomalies  observed  at  the  structural  transformation  temperatures  mentioned  above  not 
only  for  LBCO  but  also  for  LSCO.  The  relationship  of  this  structural  transformation 
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0.12  is  briefly 


to  the  unusual  depression  of  the  superconductivity  near  x  = 
discussed. 

The  polycrystallino  ceramic  samples  were  prepared  using  La  0  (4N-purity) ,  BaCO. 
(4!J)  ,  SrCO.  (4N)  and  CuO  (4II)  as  starting  materials.  The  mixtures  were  first  fired 
at  1000  <=0  j.n  air  for  24h,  and  then  finely  ground  using  a  ball  mill,  pressed  into 
ingots  using  hydrostatic  pressure  of  70  kg/mm^  with  the  rubber  press  method,  sintered 
in  air  at  IOjO  C  for  50h,  and  finally  annealed  in  flowing  oxygen  at  500  “C  for  50h. 
X-ray  pewder  diffraction  showed  the  specimens  to  be  a  single  phase.  The  samples  i^ere 
of  cylindrical  shaped,  9  mm  in  diameter,  and  with  lengths  ranging  from  10  to  12  mm. 
The  density  was  more  than  90  %  of  that  calculated  from  X-ray  data.  The  attenuation 
of  ultrasonic  waves  and  the  velocity  change  of  the  longitudinal  waves  of  7  MHz  were 
simultaneously  measured  using  the  pulse  echo  method  and  the  pulse-superposition 
method,  respectively.  A  Z-cut  lithium  niobate  transducer  was  bonded  to  the  samples 
with  Nonaq  stopcock  grease.  A  good  echo  train  with  more  than  10  echoes  was  observed 
for  most  samples.  All  measurements  were  performed  on  the  first  and  second  echoes. 
The  ac  susceptibility  of  the  samples  was  also  monitored  simultaneously  to  m.easure  T 


Figure  1  shows  the  temperature  dependences  of  the  sound  velocity  (T)  and  tL 


ultrasonic  attenuation  coefficient  a  (T)  for  ^a^  g^BaQ ^ ^qCuO^_^ .  The  sound  velocity 


shows  large  decrease  with  decreasing  temprature'  from  'room  temperature  down  to  T, 
This  lattice  softening  remains  on  further  cooling.  Partial  stiffening  occurs  below 


^d2’  ^  large  attenuation  peak  and  a  small  attenuation  peak  are  observed  at  T 


respectively.  The  magnitude  of  attenuation  peaks  seems  to  depend  on  the'^order 


and 


of  the  phase  transformations,  that  is,  a  large  attenuation  peak  is  observed  at  the 
second-order  phase  transformation  while  a  small  peak  is  observed  at  the  first  order 
phase  transform.ation.  Similar  behavior  is  observed  in  a  Ba-concentration  region  of 
0.09  <  X  as  shown  in  Fig.  2.  The  low-temperature  phase  diagram  obtained  in  these 
experiments  is  shown  in  Fig.  3.  T^^  obtained  by  the  present  experiments  does  not 
aecrease  so  rapidly  in  a  large  Ba-concentration  region  as  those  obtained  by  Sera  et 


al.'^  ^  or  Suzuki  et  al..'^®^  Figure  3  also  illustrates  the  Ba-concentration 


Fig.  1  Temperature  dependence  of  the  sound 
velocity  and  attenuation  coefficient  of  7MHz 
longitudinal  waves  in  Lai . soBao. t oCu04-f. 
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Fig.  2  Temperature  dependence  of  the  sound 
velocity  change  in  La2-)(BaxCu04-y, 


Fig.  3  Experimental  phase  diagram  of 
La2-xBaxCu04-r .  Open  circles  indicate  the 
structural  transformation-temperature  Taa 
which  is  defined  at  the  temperature  of  the 
beginning  of  the  increase  of  the  sound 
velocity.  Open  squares  indicate  Tda  defined 
at  the  temperature  of  the  attenuation  peak. 
Solid  circles  indicate  To  defined  at  the 
middle  point  of  the  ac  susceptibility  change. 


Fig.  5  Temperature  dependence  of  the  sound 
velocity  and  attenuation  coefficient  of  7MHz 
longitudinal  waves  in  Lai . goSro. i oCuOi-f. 


Fig.  4  Ba  concentration  dependence  of  the 
sound  velocity  change  below  Tdg. 


Fig.  6  Temperature  dependence  of  the  sound 
velocity  change  and  attenuation  coefficient 
of  7MHz  longitudinal  waves  in  Lag-xSrxCu04-^ 


dependence  of  T^,  determined  by  the  ac  susceptibility  measurements,  which  shows  an 
anomalous  dip  around  x  =  0.12.  Figure  4  shows  the  Ba-concentration  dependence  of  the 
amount  of  stiffening  below  There  seems  to  be  some  correlation  between 
the  amount  of  stiffening  below  ^he  supression  of  T  . 

Figure  5  shows  the  temperature  dependences  of  the  sound  velocity  and  the 
ultrasonic  attenuation  coefficient  for  La^  90^^0  sound  velocity  shows 
large  decrease  with  decreasing  temperature  from  room  temperature  down  to  and  the 
attenuation  coefficient  takes  a  peak  value  at  in  the  similar  way  to  that  of  LBCO. 
It  is  emphasized  that  the  lattice  stiffening  and  the  small  attenuation  peak  observed 
at  LBCO,  are  also  observed  for  LSCO  near  6  K.  This  low-temperature  anomaly 
is  observed  in  a  Sr-concentration  region  of  0.10  <  x  <  0.12  as  shown  in  Fig.  6.  On 
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Temperature  (K) 


Fig.  7  Temperature  dependence  of  nuclear 
relaxation  rate  Ti"^  of  ’^®La  in 
Lai .  esSro ,  i aCuO^-J^ 


X 


Fig.  8  Experimental  phase  diagram  of 
La2-xSrxCu04-tf.  Open  circles  indicate  the 
structural-transformation  temperature  Tda 
defined  at  the  temperature  of  the  beginning 
of  the  increase  of  the  sound  velocity. 

Open  squares  indicate  Td2  defined  at  the 
temperature  of  the  attenuation  peak. 

Solid  circles  indicate  To  defined  at  the 
middle  point  of  the  ac  susceptibility  change. 


the  analoqy  of  LBCO,  the  temperature  where  the  lattice  stiffening  begins  can  be 
considered  Nuclear  relaxation  time  of  La  in  La^  ^  ggSr^  ^  ^ 
minimum  value"  around  7  K  as  shown  in  Fig.  7.  This  result  consists  with  the 
occurrence  of  the  structural  transformation  at  the  temperature.  Low  temperature 
x-ray  diffraction  experiments  are  in  progress.  The  low-temperature  phase  diagram 
obtained  in  our  ultrasonic  experiments  is  shown  in  Fig.  8.  Figure  8  also  illustrates 
the  Sr-concentration  dependence  of  T^  determined  by  the  ac  susceptibility 
measurements.  In  the  case  of  LSCO,  however,  T^2  lower  than  T^  and  T^  vs  x  curve 

shows  a  small  dip  around  x  =  0.12.  Therefore,  it  seems  that  the  low-temperature 
structural  transformation  does  not  directly  depress  T^  but  the  origin  of  the 
low-temperature  structural  transformation  and  the  origin  of  the  depression  of  T^  have 
a  common  factor. 


2.  Correlation  between  T  and  hole  concentration  in  the  cation  substituted 

c  [  g  ] 

Bi..Sr.,CaCu.OQ  .  .  system 

Correlation  between  and  hole  concentration  was  investigated  tor 

Bi2Sr2Ca^_^Lu^Cu20g^^ '  +  6 '  Bi2Sr2_^La^CaCU20g^ 


®^2^’^2-x’"®x^®^'^2°8  +  6 


Bi2Sr2  ^x^^^^2^8+6  within  the  range  of  solid  solubility.  As  shown  in  Fig.  9  and  10, 
the  hole  concentration  estimated  from  the  Hall  coefficient  at  290  K  decrease  with 


3+  j  T  3  + 

increasing  substitution  concentration  of  Lu  ana  La 


2+  2  + 
for  Ca  and  Sr  , 


respectively.  On  the  other  hand,  it  does  not  change  for  Na-  and  K-subst  ituted 
samples,  suggesting  that  oxygen  atoms  are  deficient  due  to  the  substitution.  The 
hole  concentration  for  Na-  and  K-substituted  samples  could  be  increased  by  annealing 
at  600  ®C  in  1  bar  of  oxygen  and  by  annealing  at  430  °C  in  250  bar  of  oxygen. 
Dependence  of  T  on  the  hole  concentration  is  described  in  Fig.  11.  We  find  that 
T  shows  universal  correlation  with  the  hole  concentration.  That  is,  T^  increases, 
takes  a  maximum,  and  then  decreases  with  increasing  hole  concentration.  Judging  from 
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X  of  Lu  X  of  Na 


Fig.  9  Variations  with  x  of  Tc  and  hole 
concentration  l/Rne  at  290  K  estimated  from 
the  Hall  coefficient  Rh  in  the  BiaSraCai ~xLux 
Cu208+«  and  BiaSraCai -xNaxCuaOgtf  systems. 
Circles  in  the  figure  of  Tc  vs.  x  are  Tc’s 
defined  at  the  midpoint  of  the  transition 
curve  in  the  p  vs.  T  plot.  Bars  in  the 
figure  of  Tc  vs.  x  indicate  the  temperatures 
where  p drops  to  90  %  and  10  X  of  the  normal- 
state  resistivity.*  Triangles  indicate  Tc*s 
defined  at  the  onset  temperature  of  the 
Meissner  effect.  Open,  half-closed  and  fully 
closed  circles  correspond  to  samples  made  by 
no  additional  annealing,  by  annealing  at 
600  ‘C  in  1  bar  of  oxygen  and  by  annealing 
at  430  *C  in  250  bar  of  oxygen,  respectively. 
The  solid  line  is  calculated,  assuming  that 
one  Lu  atom  and  one  Na  atom  substituted  for 
a  Ca  atom  compensates  and  supplies  one  hole, 
respectively. 


X  of  La  X  of  K 


Fig.  10  Variations  with  x  of  Tc  and  hole 
concentration  l/Rne  at  290  K  estimated  from 
the  Hall  coefficient  Rh  in  the  Bi2Sr2-xLax 
CaCu208+d  and  Bi2Sr2-xKxCaCu208*rf  systems. 
Symbols  are  defined  similarly  to  those  in 
fig.  9.  The  solid  line  is  calculated, 
assuming  that  one  La  atom  and  one  K  atom 
substituted  for  a  Sr  atom  compensates  and 
supplies  one  hole,  respectively. 


Hole  concentration  per  Cu02  unit 


0  12  3  4 

l/R^e  dO^'em'^) 


Fig.  11  Correlation  between  Tc  and  hole 
concentration  l/Rne  in  the  BiaSraCai -xLuxCu208+i 
(  □  ).  Bi2Sr2Cai-xNaxCu208*r  (  A.^k.A  ), 
Bi2Sr2<xlaxCaCu2084(  (  O  )»  BiaSra^xKxCaCuaOd*^ 
(  V.T.V  )  and  Bi2Sr2CaCu208><'  (  O  ).  Open, 
half-closed  and  full7  closed  symbols  correspond 
to  samples  made  by  no  additional  annealing,  by 
annealing  at  600  ’  C  in  1  bar  of  oxygen  and  by 
annealing  at  430  ‘C  in  250  bar  of  oxygen, 
respectively. 
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the  universal  curve,  the  fact  that  of  non-substituted  Bi2Sr2CaCu20g^^  is  a  little 
lower  than  those  of  Lu-  and  La-substituted  samples  with  the  composition  of  x  =  0.2  is 
reasonably  understood  as  due  to  too  many  holes  to  take  a  maximum.  The  maximum  of 
is  realized  at  the  hole  concentration  corresponding  to  0. 2-0.3  holes  per  CuG^  unit. 
This  correlation  of  T  with  the  hole  concentration  is  markedly  similar  to  these  in 

rioi 

the  La^  Sr  CuO.  .  and  YBa^Cu^C-  »  svotems.  It  seems  beyond  doubt  that  the 

2-x  X  4-6  2  3  7-6  - 

hole  concentration  in  the  CUO2  sheets  is  essential  to  the  high-T^  superconductivity, 
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Electron-doped  superconductors  Nd2^  j^Cej^Cu04_y  exhibit  almost  no 
pressure  effect  on  the  superconducting  transition  temperature  (T^). 

However,  a  structurally  related  hole-doped  superconductor 
Nd^ ^ . 5^4-z  shows  a  remarkably  large  pressure  effect  on  T^.  A 
comparison  with  the  pressure  effects  in  the  other  hole-doped  systems 

indicates  an  importance  of  the  bond  between  copper  and  apical  oxygens 
in  the  Cu-0  pyramids,  which  is  missing  in  the  electron-doped  oxides. 

Recently,  electron-doped  oxide  superconductors  Ln2_x^®x^^^4-y 
Sm)  have  been  discovered  by  Tokura,  et  al.  [1].  These  are  the  first  examples  which 
have  electrons  as  carriers,  among  the  family  of  high  T^  oxide  superconductors  most  of 
which  have  hole  carriers,  and  therefore  are  important  for  elucidating  the  mechanism  of 
high  T^  superconductivity.  The  superconducting  transition  temperature  of  almost  all 

the  hole-doped  copper  oxide  compounds  increases  with  increasing  pressure  [2].  The 
pressure  coefficient  has  a  large  positive  value  compared  with  a  typical  conventional 
(BCS)  superconductor.  The  systematic  survey  of  the  T^s  of  Y-Ba-Cu-0  and  La-Sr-Cu-0 

compounds  has  shown  that  T^  is  strongly  correlated  with  hole  concentration  [3-5],  but 
the  Hall  coefficient  is  only  weakly  dependent  on  pressure  [6,7].  These  results 
indicate  that  the  large  change  in  T^  with  pressure  is  caused,  not  by  a  change  in  hole 
concentration,  but  by  other  factors  related  to  changes  in  the  interatomic  distances. 
In  this  report,  we  describe  that  the  newly  discovered  electron-doped  superconductor 
Nd2_x^®x^^^4-y  ^^1  . 85^®  0 . 1 5^^‘^4-y  ^^chibit  almost  no  pressure  effect  on  the  T^  up 

to  2.5  GPa,  in  remarkable  contrast  to  the  hole-doped  superconductor  Nd^^3CeQ  5^4- 

2-  The  Cu-0  pyramids  characteristic  of  the  hole-doped  compounds  lose  their  apical 
oxygens  to  become  square  planes  in  the  electron-doped  materials.  If  the  pressure 
effect  on  T^  does  arise  from  changes  in  bond  lengths,  the  difference  in  behaviour  of 
the  two  compounds  points  to  the  involvement  of  the  bond  between  copper  and  apical 
oxygen,  which  is  missing  in  the  electron-doped  material.  Part  of  the  result  has  been 
published  elsewhere [ 1 4 ] , 
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The  polycrystalline  samples  used  in  this  study  were  prepared  by  the  solid  state 
reaction  technique  as  described  in  ref. 1  and  8.  In  the  Nd2_xCexCu04_y  solid  solution 
having  the  Nd2Cu04  type  structure,  the  so  called  T'  phase,  superconductivity  appears 
abruptly  at  a  Ce  composition  near  x=0.14,  with  a  of  about  20  K,  and  disappears  at 
about  x=0.18.  The  largest  Meissner  signal  and  the  highest  were  obtained  at  x=0.15. 
The  negative  Hall  and  Seebeck  coefficients  observed^  in  the  normal  state  showed  that 
the  charge  carriers  are  electrons,  introduced  by  the  substitution  of^  Ce^"^  for  Nd 
on  the  other  hand,  for  Nd2.x-yCe3,SryCu04_ j,  compounds,  which  have  the  T*  structure  (see 
1-  of  Fia  ?)  the  carriers  are  holes  and  superconductivity  occurs  in  the 
composition  range  in  the  composition  range  x=0. 15-0.2  and  y=0.4-0.5  (ref. 9  ,10). 

The  electrical  resistivities  of  Nd2_j{*'®x*''^®4-y  (^“0.13,  0.15,  0.16,  0.17,  0.18), 

Pri  gsCeo  i5Cu04_y  and  Nd^  . gCeg . . 5O4-Z  measured  at  pressures  up  to  2.5  GPa 

using  the’ four-lead  method.  Gold  wires  of  20  micron  in  diameter  acted  as  electrodes; 
these  were  attached  to  the  specimen  with  rectangular  shape  (about  5mmx1mmx1mm)  using 
indium  solder.  The  resistance  at  the  contact  was  less  than  few  ohm.  The  pressure  was 
generated  by  means  of  a  Cu-Be  clamp  type  piston-cylinder  apparatus,  using  a  Teflon 
cell  with  fluid  pressure  medium,  Fluorinert  #FC70.  Pressure  was  applied  at  room 
temperature  and  the  apparatus  was  immersed  into  liquid  He.  The  pressure  was  determi¬ 
ned  at  temperatures  near  T^  by  interpolating  between  the  value  given  as  load  per  area 
at  room  temperature  and  the  value  obtained  by  using  a  lead  manometer.  The  temperature 
was  measured  by  using  a  calibrated  platinum  resistance  thermometer  in  the  range  from 

20K  to  300K  and  a  germanium  one  below  100  K. 

Figure  1  shows  the  temperature  dependence  of  resistivities  obtained  in 
85‘=®0  15Cu04_y  near  T^  at  various  pressures.  The  resistivity  shows  a 

semiconducting  behavior,  which  seems  not  to  be  intrinsic  but  due  to  inhomogeneities  in 
the  samples.  The  normal  state  resistivity  decreases  with  increasing  pressure  with  a 
rate  of  R"^dR/dp  =  -0.089  GPa"\  while  the  superconducting  transition  temperature  T^, 
determined  at  the  midpoint  of  the  transition  is  found  to  shift  very  little  for 
pressures  up  to  at  least  2.5  GPa.  This  is  remar)cable,  in  view  of  the  results  obtained 
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Fig.1  The  temperature  dependence  of  the 
resistivity  of  Nd^  ^  q^Coq  ^ 
under  high  pressure.  Inset,  the  T' 
structure. 


Fig. 2  The  temperature  dependence  of  the 
resistance  of  Nd-]  .  3^00  2SrQ  5Cu04^2. 
normalized  to  that  at  50  K  under 
pressure.  Inset,  the  T*  structure. 
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so  far  for  many  other  copper  oxide  superconductors,  as  mentioned  above.  Figure  1 
shows  that  not  only  the  the  midpoint  but  also  both  the  onset  and  zero  resistivity 
points  of  the  transition  do  not  change  by  more  than  +  0.05  K,  which  is  much  smaller 
range  than  was  obtained  by  Markert  et  al.[11]. 

Similar  results  were  obtained  in  other  compositions  x=0.16  and  0.17  in  Nd2_ 
^Cej^CuO^^y,  and  .  85^®0 . 1  5^^^4-y  •  specimens  of  x=0.13  and  0.18  in 

which  are  non- superconduct ing  at  ambient  pressure  were  not  converted  into 
superconducting  state  by  high  pressure  in  the  present  experimental  pressure  (p<2,5 
GPa)  and  temperature  (4.2<T<300  K)  range. 

In  Fig. 2,  the  relative  resistance  normalized  at  50  K  is  shown  as  a  function  of 
temperature  for  Nd-j  ^  3CeQ  ^  . 5^^^4-z  various  pressures  in  the  temperature  range 

between  10  K  and  50  K.  At  ambient  pressure  the  resistivity  is  about  3.7x10"^  ohmcm  at 
room  temperature;  with  increasing  pressure,  it  decreases  at  a  rate  of  R”^dR/dp  =  - 
0.054  GPa“\  The  T^  is  seen  to  depend  strongly  on  pressure,  in  contrast  to  the 
behaviour  observed  for  Nd-|  85^®0  15^^^4-y*  Both  of  the  transition-onset  and  zero 
resistivity  temperatures  shift  with  pressure  at  the  same  rate  as  the  'midpoint'  T^. 

The  T^s  of  these  compounds  are  plotted  as  a  function  of  pressure  in  Fig. 3.  A 
clear  difference  is  demonstrated  between  the  pressure  effects  on  T^  of  these  two 
cuprate  superconductors.  The  pressure  coefficients,  dT^/dp,  for  Nd-|  85^®0  15^^^4-y 
and  Nd-j  ^  3CeQ  ^  22^0 . 5^^^4-z  0  +  0.05  and  3.0  +  0. 1  KGPa"^  ,  respectively.  The 

pronounced  increase  of  T^  with  increasing  pressure  for  Nd-j  2^^0  5^’^^4-z 

typical  of  hole-doped  superconductors.  The  anomalous  behaviour  of  Nd2^x^®x^^^4-y 
relative  to  the  other  compounds  is  illustrated  more  clearly  in  Fig. 4,  where  we  plot 
dlnT^/dp  against  T^.  The  value  of  dlnT^/dp  for  Nd-j  3CeQ  5^^^4-z  < Nd-Ce-Sr-Cu-0) 

is  located  near  that  for  oxygen-deficient  YBa2Cu30g  3,  both  of  which  have  almost  the 
same  T^.  The  value  for  Nd-|^05CeQ  1 5Cu04_y  (Nd-Ce-Cu-0,  T^  =  22  K)  ,  however,  is  located 
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Fig.  3  The  pressure  dependence 
of  the  superconducting 
transition  temperatures  (T^) 
N^1 . 85^®0 . 1 5^^^4-y 
*^^1  .3^®0.2^^0.5^^^4-£  • 


Fig.  4  The  pressure  coefficient  of  the 
logarithm  of  T^  as  a  function  of  T^. 
(C.Murayama  e  t  a  jL  ,  manuscript  in 
preparation).  Shaded  region  denotes  the 
approximate  field  for  all  compounds 
except  Nd-Ce-Cu-0  and  Pr-Ce-Cu-0. 
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far  below  that  for  Nd^  '  ^®spite  the  fact  that  the  two  compounds  have 
almost  the  same  T^, 

It  has  been  suggested  (ref. 2  and  C.M.  et  al.,  manuscript  in  preparation)  that 
there  might  exist  a  general  trend  of  increasing  dlnT^/dP  values  with  decreasing  T^, 
on  the  basis  of  the  properties  of  hole-doped  superconductors.  Recently  Neumeier  et 
a]^[12]  showed  that  pressure  coefficients  of  the  T^s  of  ( ^j^Prj^)Ba2Cu30-7^y  compounds 
change  sign  from  positive  to  negative  with  increasing  Pr  concentration.  This  result 
was  ascribed  to  the  effect  of  hybridization  between  the  localized  Pr  4f  state  and 
valence  band  states  which  was  very  sensitive  to  applied  pressure.  The  decrease  in  T^ 
could  be  due  to  the  weakening  of  superconducting  electron  pairs  through  the  strong 
Coulomb  repulsion  between  electrons  in  the  Pr  4f  state.  In  the  case  of  the  Nd-Ce-Cu-0 
and  Nd-Ce-Sr-Cu-0  compounds,  on  the  other  hand,  Ce  was  confirmed  to  be  tetravalent  by 
photoemission  spectroscopy  irrespective  of  their  carriers  (ref. 10  and  A. Fujimori  et 
al, ,  preprint).  This  implies  that  the  Ce  4f  state  is  not  as  important  as  the  Pr  state 
in  controlling  the  effect  of  pressure,  although  further  studies  will  be  required  to 
clarify  this  point.  Rather,  it  seems  plausible  that  the  valence  electrons  donated  by 
Ce  affect  the  electronic  structures  of  valence  or  conduction  bands  near  the  Fermi 
level  as  suggested  by  A. Fujimori  ^  al . ( preprint ) . 

From  the  structural  view  point,  it  is  interesting  to  note  that  Nd2_-xCej^Cu04_y  has 
only  Cu-0  squares  whereas  in  ^ 3CeQ ^ 25^0 . 5^^^4-y  exist  pyramidal  Cu-0  squares 
with  an  apical  oxygen.  High  pressure  X-ray  studies! 13]  reveal  that  the  linear 
compressibilities  do  not  differ  for  the  different  crystallographic  axes  in  YBa2Cu30^_y 
and  (LaQ  gSrQ  ^  )2Cu04_y.  We  suggest,  therefore,  that  a  change  in  the  apical  Cu-0 
distance  in  the  pyramids  may  play  a  major  part  in  determining  the  change  of  T^  under 
pressure.  Indeed,  all  of  the  cuprate  superconductors  which  follow  the  general  trend 
with  respect  to  the  pressure  effect  on  T^  have  Cu-0  pyramids  without  exception.  In  a 
recent  neutron  experiments [ 1 5 ]  of  YBa2Cu40Q  which  has  Cu-0  pyramid  structure,  pressure 
of  IGPa  shortened  a  bond  length  between  the  apical  0  and  in-plane  Cu  by  about  2.5%, 
whereas  the  positions  of  other  atoms  and  the  unit  cell  changed  little.  This  oxide  has 
a  large  pressure  ef f ect [ 1 6  ,  1 7  ]  and  is  located  in  the  shaded  region  in  Fig. 4 
(YBCO(124)).  We  know,  moreover,  many  experimental  results  which  show  the  broadening  of 
the  superconducting  transition  under  high  pressure,  especially  in  the  cases  using  an 
opposed-anvil  device.  The  pressure  induced  broadening  is  partly  due  to  a  pressure 
distribution,  but  it  may  also  be  caused  partly  by  a  uniaxial  stress  affecting  the  Cu-0 
distance  between  the  apical  oxygen  and  the  copper  atom  in  the  pyramids.  In  these  res¬ 
pects,  it  is  desirable  to  investigate  the  effect  on  T^  of  a  uniaxial  stress. 

Recently,  calculations  of  Madelung  energy  (Y.Ohta  et  al.,  preprint)  showed  that 
the  optimum  T^s  of  all  the  known  hole-doped  superconductors  are  scaled  by  the  Madelung 
potential  of  apical  oxygens  relative  to  that  of  Cu02  planes.  The  trend  of  the  pressure 
effect  on  T^  given  in  the  shaded  region  in  Fig. 4  is  qualitatively  explained  by  this 
model.  On  the  other  hand,  it  was  demonstrated  theoretically  (H.Matsukawa  &  H. Fukuyama, 
preprint)  that  apical  oxygens  have  an  important  role  in  controlling  the 
antiferromagnetic  coupling  between  Cu  and  0-hole  spins  and  the  modification  of  the  0- 
hole  Bloch  band.  The  reduction  in  the  bond  length  between  the  apical  oxygen  and  in¬ 
plane  copper,  which  will  be  caused  by  pressure,  enhances  in  this  model.  These  two 
theories  are  qualitatively  consistent  with  our  experimental  results  and  will  be 
helpful  to  clarify  the  mechanism  of  high  T^  superconductivity. 


122 


In  conclusion,  we  have  shown  that  the  newly  discovered  electron-doped 
superconductor  N^32_j^Cej^CuO^_y  and  , 85^®0 . 1  5^'^^4-y  ®^^it)its  no  pressure  effect  on 
the  T^,  which  is  in  great  contrast  to  the  pressure  effect  for  the  hole-doped 
superconductor  , 3^00 ^ . 5^^^4-z *  These  results  suggest  that  a  change  in  the 
distance  between  the  apical  oxygen  and  the  copper  atom  in  the  Cu-0  pyramids  dominates 
the  effect  of  pressure  on  the  superconducting  transition  temperatures  of  the  cuprate 
compounds. 
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This  work  was  supported  partially  by  Grant-in-Aid  for  Scientific  Research  and  that  for 
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Recent  results  of  various  kinds  of  experimental  studies  carried  out  to 
clarify  the  characteristics  of  the  electronic  nature  of  high-T^  oxides 
are  presented. 


1.  Introduction 

Various  experimental  studies  of  high-T^  oxides  have  revealed  that  they  have  quite 
unusual  physical  properties  in  their  normal  states,  which  stem  from  their  very  strong 
electron  correlations,  their  low  carrier  densities  and  the  low  dimensional  nature  of 
the  systems.  Then,  a  fundamental  question  has  arisen  in  the  course  of  the  works  if 
the  carriers  in  the  systems  which  exhibit  superconductivity  can  be  described  by  the 
usual  Fermi  liquid  picture  or  not.  To  answer  it,  has  been  one  of  the  important  issues 
for  the  understanding  of  the  superconductivity  with  the  surprisingly  high  T^ .  One  the 
other  hand,  the  rough  features  of  the  high-T^  superconductivity  have  been  found  not  to 
be  inconsistent  with  the  consequence  of  the  BCS's  mean  field  type  theory  with  s-wave 
symmetry,  where  most  behaviors  in  the  superconducting  state  do  not  reflect  the  direct 
information  on  the  microscopic  origin  of  the  Cooper  pair  formation.  Then,  it  seems  to 
be  another  important  issue  to  clarify,  through  careful  and  detailed  studies,  if  the 
superconducting  behaviors  of  the  high-T^  oxides  have  certain  characteristic  difference 
from  those  of  ordinary  superconductors.  If  any  difference  exists,  it  may  become  a 
useful  clue  to  elucidate  the  mechanism  of  the  superconductivity.  Keeping  these  thing 
in  minds,  we  have  continuously  carried  out  the  extensive  studies  and  added  further 
information  to  the  results  described  in  the  previous  report  [1]. 

2.  On  the  y-Dependence  of  the  Carrier  Nature  in  La2.ySryCuO^ 

The  phase  diagram  of  La2_ySryCu04  has  been  studied  by  many  authors  [2,3].  The 
superconductivity  appears  in  the  y  region  of  0.05^y^0.30.  As  discussed  in  the 
previous  report  [1],  the  Hall  coefficient  [4,5],  magnetic  susceptibility  [4-6], 

Seebeck  coefficient  [5]  and  EPR  relation  rate  of  the  doped  Mn  [7]  exhibit  anomalous  y- 
dependence  at  the  superconductor-normal  metal  phase  boundary  of  y=y^~0.30,  suggesting 
that  there  exists  certain  distinction  of  the  carrier  natures  between  the  two  phases. 
Here,  we  present  new  results  which  add  further  information  on  the  electronic  nature  of 
this  system. 

At  first,  we  would  like  to  make  a  brief  comment  on  the  nature  of  holes  in  the 
insulating  region  (y<0.04).  Fig.  1(A)  shows  the  spin  canted  structure  of  the 
antiferroraagnetic  La2.yMyCu04  (M=Sr  or  Ba) .  Under  the  magnetic  field  H  applied 
perpendicular  to  the  CUO2  plane  and  larger  than  certain  critical  value  H^(T),  a  sudden 
change  from  the  structure  (A)  to  (B)  occurs,  showing  the  metamagnetic  behavior  in  the 
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M-H  curve  [8].  These  were  first  found  by  the 
authors*  group  and  confirmed  by  neutron  scattering 
experiment  in  collaboration  with  BNL  and  MIT  groups 
[9].  The  MIT  group  found  the  significant  increase 
of  the  conductivity  accompanied  with  the 

change  of  the  spin  structure  [10].  Their  recent 
work  under  the  very  strong  magnetic  field  within  the 
Cu02  plane  revealed  that  A(T  was  proportional  to  the 
fraction  of  the  spin  structure  (B)  [11]. 

Only  the  model  which  seems  to  be  able  to 
explain  why  the  conductivity  is  largely  influenced 
by  the  spin  structure,  is  the  one  proposed  by 
Jarrell  et  al .  [12].  The  essential  point  of  their 

model  is  that  the  spin  directions  of  the  holes  in 
Cu02  planes  are  determined  by  the  direction  of  the 
ferromagnetic  component  of  the  plane  induced  by  the 
spin  canting.  It  is  very  interesting  to  note  here 
that  if  holes  can  be  considered  to  form  local 
singlets  with  neighboring  Cu  spins,  the  spin 


spins  '»> 


4^ 


^  yrk  ^  ^ 

^  ^  ^  y=0  ^  ^ 

Fig.  1.  (A)  Spin  structure  of  the 

ant i ferromagnetic  phase  of 
La2_ySry.CuO^  .  Under  the  magnetic 
field  perpendicular  to  the  CuO^ 
plane  and  larger  than  the  critical 
field  the  structure  (B) 

becomes  stable.  In  each 
structure,  the  directions  of  the 
Cu  spins  are  shown  in  the  yz  plane 
with  the  canting  angle  being 
exaggerated . 


directions  of  the  holes  cannot  be  specified 
by  the  direction  of  the  ferromagnetic 
component.  Then,  the  result  seems  to 
support  the  spatially  extended  picture  of 
holes . 

To  see  the  y-dependence  of  other 
physical  quantities  around  y^ ,  we  have 
studied  the  low  temperature  specific  heat  of 
La2_ySryCuO^  up  to  y~0.50,  where  samples 
sintered  at  1080 *C  under  300  atm  ©2  pressure 
are  used. 

Fig.  2(a)  shows  the  C/T  vs.  T^  curves 
for  several  samples  and  2(b)  shows  the 
coefficient  r  of  the  observed  T-linear  term 
as  a  function  of  y,  where  the  solid  line  for 
y<0.3  is  drawn  by  using  the  data  reported  by 
Wada  et  al.  [13]»  The  figure  suggests 
rather  smooth  variation  of  the  r-value 
through  y^ .  For  the  samples  prepared 
simultaneously  with  the  present  ones,  x-ray 
absorption  experiment  was  also  carried  out 
by  Takahashi  et  al .  [14],  which  showed  the 
smooth  growing,  through  y^,  of  the  number  of 
the  electronic  states  near  £p.  The 
effective  mass  of  these  electronic  states 
should  decrease  rather  rapidly  with  y  in  the 
region  to  explain  the  observed  decrease 

of  r  and  the  observed  increase  of  the  number 
of  the  electronic  states. 


0  0.1  .  0.2  0.3  0.4  0.5 


X 

Fig.  2.  (a)  Experimental  results  of  C/T 

of  La2_ySry.Cu04  are  shown  as  a  function 
of  T^  for  various  values  of  y.  (b)  The 
coefficients  of  the  T-linear  term 
determined  at  low  temperatures  are 
shown.  Details  are  in  the  text. 
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The  y-dependence  of  the  doping  effect 
has  also  been  studied  [15]  by  using  the 
system  of  La2.ySryCu ^ .j^Ni^04  for  various 
values  of  x  and  y,  where  the  carrier  numbers 
and  the  degree  of  randomness  can  be 
independently  changed  by  changing  y  and  x, 
respectively.  Here,  for  the  y  values  of 
0.10,  0.15,  0.22,  0.32  and  0.45,  the  doping 
effect  of  Ni  was  studied  by  changing  the  x 
values. 

Figs.  3[a)-3<c)  show  the  example 
results  of  the  resistivity  measurements, 
where  for  larger  values  of  x,  the 
resistivity  exhibits  upturn  or  ff  decreases 
linearly  in  logT  with  decreasing  T,  which 
indicates  the  electron  localization  occurs 
at  low  temperatures.  If  we  define  the 
critical  concentration  x^  as  the  x  value 
where  the  resistivity  upturn  becomes 
appreciable,  the  value  of  for  goes 

to  zero  at  x::i;X^  as  shown  in  Fig.  4.  Then, 
the  superconductivity  can  be  considered  to 
be  suppressed  by  the  electron  localization. 
At  the  concentration  x,  where  the 
superconductivity  disappears,  the  Hall 
coefficient  was  found  to  remain  positive 
without  showing  any  anomalous  x-dependence . 
The  magnetic  susceptibility  x  seems  to 
undergo  the  gradual  change  in  its 
temperature  derivative  dx/dT;  that  is,  the 
existence  of  the  temperature  region  where 
the  positive  value  of  dx/dT  is  found,  seems 
to  characterize  the  superconducting  phase. 

The  value  of  are  shown  in  Fig.  5  as 
a  function  of  y  or  the  carrier 
concentration.  It  shows  smooth  increase 
through  y^~0.30,  suggesting  that  any 
significant  change  of  the  electronic  nature 
cannot,  at  least,  be  detected  by  this 
experiment.  The  curve  is  simply  understood 
by  assuming  the  fact  the  x^,  values  are 
determined  as  the  concentration  where  , 

where  r  is  the  electron  life  time  and  £p  is 


the  Fermi  energy  or  the  kinetic  energy  of 

the  carriers.  This  also  supports  that  the  resistivity  upturn  is  due  to  the  electron 


localization. 

As  we  have  already  mentioned,  the  y-dependence  of  the  magnetic  susceptibility, 
Hall  coefficient  and  Seebeck  coefficient  of  La2^ySryCu04  have  quite  significant 
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anomaly  at  y=y^.  However,  the  r  value 
and  the  critical  concentration  of  the 
metal  ( superconductor ) -insulator 
transition  due  to  the  randomness 
introduced  by  the  doping  do  not  show  the 
appreciable  anomaly  at 

It  is  interesting  to  note  that  the 
observed  y-dependence  of  the  idT^/dxl 
seems  to  exclude  the  proposal  made  by 
several  researchers  that  the 
superconducting  phase  of  La2«ySryCuO^  is 
confined  to  the  very  narrow  region  of  y, 
because  idT^/dxl  should  be,  if  the 
proposal  is  true,  constant  for  all  values 
of  y.  This  carrier  concentration 
dependence  of  idT^/dxi  gave  us  the 
additional  means  of  checking  the  phase 
separation,  the  existence  of  which  had 
been  presumed  [16]  in  Bi-Sr- (Ca , Ln ) -Cu-0 
system  ( Ln=lanthanide  atoms).  As  is 
discussed  in  the  paper  by  Yamagata  et  al . 

[17],  there  are  many  experimental  data  on 
the  compounds  with  the  nominal  formula  of 
Bi4Sr3Ca3_yLnyCu^0^g  or  Bi2Sr2Ca j .yLnyCu2* 
which  indicate  the  possible  existence  of 
the  phase  separation  into  the  Ln-poor  and 
Ln-rich  phases  as  shown  below. 
Bi4Sr3(Cai_yLny)3Cu40i6 
( 1-2 . 5y  )Bi4Sr3Ca3Cu40|g  + 

2 . 5yBi4Sr3 ( Cap  gLng  ^  ^ ) aCu^O^g  ( y<0 . 4 ) 
or 

®  ^  2^*^2^®  1 -y^*^y^^2^8 

<  1 -y/0 . 6  ) Bi2Sr2CaCu20g  + 

( y/0 . 6 )Bi2Sr2CaQ  ^  4LnQ  ^  gCu20g  ( y<0 . 6 ) , 
where  the  first  ones  in  the  right  hand  sides 
of  the  equations  are  superconducting  and  the 
seconds  are  insulating.  For  example,  the 
width  of  the  Gd  EPR  signal  in  the  samples 
nominally  described  as  Bi^SrgCag^yGdyCu^Oj^g  is 
independent  of  y  and  very  broad,  indicating 
that  the  Gd-Gd  spin  interaction  is  y- 
independent  or  the  local  Gd  concentration  is 
constant  which  can  be  understood  by  the 
segregation  model  described  above.  Fig.  6 
shows  the  Ni  concentration  dependence  of  of 
Bi2Sr2Ca|_yYyCu2.x^ix^8  several  values  of 

x.  Although  due  to  the  very  complicated 
formula  of  the  initial  mixtures,  the  data  are 


Fig.  4.  Superconducting  transition 
temperatures  of  La^^ySr^Cu .  are 

poltted  as  a  function  or  the  Ni  concentration 
X  for  various  fixed  values  of  y. 


0  0.2  y  0.4 

Fig.  5.  The  critical  Ni  concentrations 
Xq  of  the  metal  ( superconductor ) - 
insulator  transition  induced  by  the 
randomness  in  La^^ySr^Cu j .^^Nij^O^  are 
shown  as  a  function  or  y,  where  y^ 
indicates  the  superconducting-normal 
metallic  phase  boundary. 
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rather  largely  scattered,  the  essential  feature 
that  the  values  of  idT^/dxt  in  the  region  of  x 
smaller  than  the  solubility  limit  are  constant 
for  all  y  values,  can  be  seen,  which  supports  the 
existence  of  the  phase  separation. 

A  possible  objection  to  this  conclusion 
might  be  based  on  the  experimental  fact  that  the 
y-dependence  of  lattice  parameters  does  not  have 
any  indication  of  the  existence  of  two  phases. 
However,  it  can  be  understood  by  considering 
intergrowth  type  structure  or  expitaxially  grown 
phases.  Here,  we  would  like  to  point  out  that 
the  phase  separation  problem  should  be  carefully 
avoided  in  the  study  of  the  doping  effect. 

3.  Electronic  Specific  Heat  of  Ln2^yCeyCu04 

Specific  heats  of  the  electron  doped 
systems,  Nd^  ggCeQ  j^CuO^  and  Pr2_yC'ey.CuO^ 
{O^y^O.25)  have  been  measured  to  compare  them 
with  those  of  the  hole  doped  systems.  In  the 
case  of  Nd-system,  there  exists  the  large 
contribution  to  the  specific  heat  from  the  spirt 
degree  of  freedom  at  low  temperatures. 

Therefore,  the  attention  was  focused  around  T^. 
The  result  is  shown  in  Fig.  7,  where  the  jump  of 
the  specific  heat  at  T^,  AC,  is  found  to  be  very 
small  even  for  the  sample  with  about  40%  Meissner 


Fig.  6.  Superconducting  transition 
temperatures  of  the  samples  with  the 
nominal  formula  of 

BioSroCai.yY  Cui.^NixOg.^''®  shown  as 
a  function  of  x  for  various  fixed 
values  of  y. 


volume  fraction.  If  we  assume  the  relation 
AC=1.43rT^,  the  value  of  r  is  estimated  to  be 
( 1 . 2±1 . 4 )mJ/mol ,  which  is  much  smaller  than 
the  cases  of  La2„ySryCuO^  and  YBa2Cu30g^j^ . 

Because  Pr-system  does  not  have  the  spin 

contribution  to  the  specific  heat  at  low  temperatures,  the  electronic  contribution  of 
the  system  could  be  measured.  Although  the  coefficients  r  of  the  T-linear  term  were 
not  zero  even  for  the  samples  with  y=0  (insulator)  and  y=0.15  (superconductor) 
possibly  due  to  certain  extrinsic  effect  and  due  to  the  incomplete  volume  fraction  of 
the  superconductivity,  respectively,  the  intrinsic  value  of  r  in  the  normal  state  of 
Pr^  ggCeQ  J5CUO4  could  be  guessed  from  the  detailed  analyses  [18]  to  be  about 
2raJ/mol*K^,  which  is  consistent  with  the  above  result  obtained  for  the  Nd  system. 

The  present  observations  indicate  that  the  electronic  density  of  states  or  the 
effective  mass  of  the  carriers  in  Ln2.yCeyCu04  is  rather  small  as  compared  with  those 
of  the  hole  carrier  systems.  Therefore,  the  carriers  in  Ln2_yCeyCu04  seem  to  have  the 
character  of  the  extended  type,  which  does  not  seem  to  support  the  picture  that  the 
doped  carriers  go  into  the  upper  Hubbard  band  mainly  with  the  Cu3d^2_y2  character. 


4.  Neutron  Scattering  Study  of  YBa2Cu3O0^^  Crystals  ^ 

In  YBa2Cu30e  and  La2Cu04,  for  example,  each  Cu  atom  in  CUO2  plane  is  in  d  state 
and  then  expected  to  have  one  electron  in  its  highest  atomic  level,  usually  resulting 
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in  the  metallic  behavior.  However, 
due  to  the  strong  electron 
correlation,  it  is  insulating  and 
has  the  localized  spin  of  1/2.  The 
very  large  antiferromagnetic 
coupling  J  between  the  nearest 
neighbor  spins  is  one  of  the  most 
significant  features  of  these  Cu 
oxides.  Very  small  amount  of 
doping  of  holes  can  suppress  the 
antiferromagnetic  ordering, 
realizing  the  high-T^ 
superconductivity.  The  main 
purpose  of  the  neutron  experiment 
is  to  see  the  magnetic  fluctuations 
in  the  samples  which  exhibit  the 
high-T^  superconductivity,  and 
finally  to  clarify  what  kind  of 
roles  the  fluctuation  has,  in  the 
Cooper  pair  formation. 

In  case  of  La2^ySryCu04 ,  the 
observation  of  the  magnetic  fluctuation  has  been  reported  in  the  superconducting  phase 
[19]  and  there  has  been  discussed  the  possible  existence  of  the  pseudo  gap  structure 
in  the  magnetic  excitation  spectra,  which  may  have  certain  connection  with  the 
unconventional  metallic  state  of  strongly  correlated  carriers  [20]. 

The  present  authors'  group  have  been  making  much  effort  to  grow  large  single 
crystals  of  YBa2Cu30g^j^  which  can  be  used  in  neutron  inelastic  scattering.  In  the 
previous  report  [1],  the  existence  of  the  large  spin  excitations  with  two  dimensional 
character  similar  to  those  in  La2_ySryCuO^  was  reported  in  the  anti  ferromagnetic 
phase.  For  crystals  with  T^niiSOK,  however,  we  did  not  succeeded  in  observing  the  spin 
fluctuation.  Then,  a  number  of  crystals  near  the  anti  ferromagnetic-superconducting 
phase  boundary  were  prepared  and  finally  the  magnetic  excitations  in  the 
superconducting  phase  could  be  observed  [21,22].  Here,  we  discuss  only  on  the  results 
for  the  crystals  with  x=0.45  and  0.50,  for  which,  the  value  of  T^  were  determined  as 
45K  and  50K,  respectively,  by  the  ac  susceptibility  measurements.  It  should  also  be 
noted  that  for  the  former  crystal,  although  no  magnetic  Bragg  reflection  was  detected 
at  lOK,  we  cannot  exclude  the  existence  of  the  nonsuperconducting  parts  within  it, 
while  the  whole  volume  of  the  latter  crystal  can  be  considered  to  be  superconducting, 
because  it  is  experimentally  confirmed  that  only  the  orthorhombic  phase  exists  within 
it.  The  main  results  are  as  follows,  (i)  For  the  crystal  with  x=0.45,  the  intensity 
of  the  magnetic  excitation  at  3meV  increases  significantly  with  decreasing  T  as  the 
ordinary  nearly-antif erromagnetic  materials,  which  is  in  clear  contrast  to  the  case  of 
La2_ySryCu04.  (ii)  As  shown  in  Figs.  8  and  9,  the  intensity  of  the  magnetic 
fluctuation  in  YBa2Cu30g  gQ  (x=0.50)  increases  with  the  excitation  energy,  while  the 
result  for  YBa2Cu30g^^g  exhibits  quite  different  behavior.  This  increase  of  the 
intensity  with  AE,  may  be  understood  in  two  ways.  First,  the  pseudo  gap  as  observed 
in  L.a2_ySryCuO^  can  also  be  observed  in  YBa2Cu30g  or  second,  the  overdamping  of  the 
fluctuation  modes  with  the  wavelength  longer  than  the  magnetic  correlation  length 


T(K) 


Fig.  7.  Specific  heat  divided  by  T  of 

4  are  shown  as  a  function  of  T. 


^‘^1.85^®0. 15^^^ 


At 


the  temperature  indicated  by  the  arrow,  very  small 
anomaly  due  to  the  superconducting  transition  can 
be  seen.  The  insert  shows  the  temperature 
dependence  of  the  Meissner  diamagnetism  taken  with 
field  cooled  condition.  At  low  temperatures,  the 
volume  fraction  is  about  40%. 
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YBagCUgOgs  Tc  =  50  K 


Fig.  8.  Results  of  the  constant~E  scan 
for  YBa2Cu3O0  with  various  transfer 
AE. 


taken 

energy 


hE  (meV) 

Fig.  9.  Results  of  the  energy  scan  at  fixed 
Q~point  (0.5,  0.5,  1.8)  of  YBa2Cu30g^45  and 
YBa2Cu30g  ^q.  Solid  lines  are  the  results  of 
the  theoretical  fittings  with  the  damped 
excitation  mode  model. 


reduces  the  intensity  of  the  low  energy  excitations.  By  the  latter  model,  the 
theoretical  fit  was  carried  out,  where  rather  satisfactory  results  were  obtained  as 
shown  by  the  solid  curves  in  Fig.  9. 

The  overdamped  excitation  model  is  often  introduced  to  treat  the  fluctuations  in 
usual  materials  above  their  phase  transition  temperatures  and  does  not  seem  to  have  a 
connection  with  the  idea  discussed  in  ref.  20,  for  example,  for  the  arguments  on  the 
unconventional  metallic  state  of  the  strongly  correlated  electrons.  Then,  to 
distinguish  which  of  the  two  models  stated  in  (ii)  truly  describes  the  real  phenomena 
may  be  one  of  the  important  keys  in  the  study  on  the  nature  of  the  carrier  system.  It 
remains  as  a  future  problem.  We  have  to  see  the  detailed  temperature  dependence  of 
the  spectra  to  achieve  this  goal. 

Now,  we  know  that  the  intensity  of  the  excitation  at  lower  energy  becomes  weaker 
for  samples  with  higher  T^.  It  suggests  that  if  we  choose  the  larger  neutron  energy 
transfer  at  low  temperatures,  we  may  be  able  to  see  the  magnetic  fluctuations  even  for 
crystals  with  T^2:90K. 

In  this  section,  we  have  described  the  present  status  of  our  neutron  scattering 
experiments. 
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5.  On  the  Anomalous  Magnetic  Behaviors  in  the  Superconducting  State  of  the  High-T^^ 
Oxides 

We  have,  so  far,  presented  our  experimental  results  mainly  on  the  normal  state 
properties  to  see  the  characteristics  of  the  high-T^  oxides.  Here,  preliminary 
results  of  the  studies  on  the  properties  in  the  superconducting  states  are  given.  As 
stated  in  the  introduction,  most  of  the  superconducting  properties  can  roughly  be 
described  by  the  classical  BCS  theory.  The  existing  exceptions  seem  to  be  {i)  the 
absence  of  the  enhancement  of  NMR-T^^  just  below  and  (ii)  the  anomalous  temperature 
dependence  of  [23J  and  the  anomalous  M-H  curve  taken  for  H<H^2  [24]. 

The  anomaly  in  (i)  might  indicate  the  d-wave  symmetry  of  the  order  parameter  with 
no  gap  near  T^ ,  while  at  low  temperatures,  the  T-dependence  of  the  magnetic 
penetration  depth  1  clearly  indicates  the  existence  of  the  finite  energy  gap  in  the 
electronic  excitations.  Then,  it  is  quite  attractive  to  imagine  that  there  exist 
certain  change  in  the  symmetry  of  the  order  parameter  in  the  superconducting  state 
[25].  The  anomalous  behaviors  stated  in  (ii)  seem  to  be  interesting,  because  the 
observed  anomalies  might  be  the  evidence  for  the  symmetry  change.  We  have  been 
studying  these  behaviors  by  using  sintered  pellets  and  pulverized  samples  of 
La2_ySryCuO^  and  YBa2Cu307_^  [26]. 

The  values  of  were  basically 

defined  as  the  fields,  where  the 
magnetization  M  vs.  field  H  line  taken 
with  increasing  H  for  samples  cooled  in 
zero  field  begins  to  deviate  from  the  -T' 

straight  line.  To  get  the  unambiguous  S 

value  of  this  the  square  root  of  the 

absolute  value  of  the  deviation, 
is  plotted  as  a  function  of  H  [27]  and  the 
smooth  extrapolation  of  the  plotted  line 
to  the  abscissa  was  used.  Fig.  10  shows 
the  results  for  the  pulverized  sample  of 
, 85^^0 . 1 now,  our  results 
always  show  the  anomalous  temperature 
dependence . 

In  ref.  26,  we  also  showed  the 
anomalous  behavior  of  the  M-H  curves.  In 

temperature  dependence  expected  by  the  B 
the  experiments,  M  was  measured  with  fixed  theory.  See  text  for  details, 

fields  H  and  with  increasing  temperature 

after  cooling  the  sample  in  the  applied  H 

and  then,  the  M  values  were  replotted  as  a  function  of  H  at  constant  temperatures. 
Further  experiments  with  controlled  sample  cooling  rates,  have  revealed  the  fact  that 
the  M-H  curve  depends  on  the  cooling  rate  of  the  samples,  although  the  whole  behaviors 
of  the  magnetization  are  quite  anomalous  and  cannot  easily  be  understood. 

Considering  the  possibility  that  these  anomalous  behaviors  are  related  with 
certain  dynamical  phenomena  such  as  the  vortex  motion,  we  decided  to  study  if  any 
anomalous  behavior  can  be  observed  in  the  static  quantities  as  the  thermal 
conductivity  or  in  the  specific  heat  (we  know  that  many  anomalous  behaviors  have  been 
observed  in  the  dynamical  quantities  like  the  microwave  absorption  [28],  internal 
friction  [29]  and  the  NMR  T^^  [30]).  However,  the  experimental  accuracy  of  our 


Fig.  10.  Values  of  H  are  shown  as  a 
function  of  H.  The  dashed  line  shows  th 


o  o 


specific  heat  measurement  was  not 
satisfactory  to  detect  the  anomaly 
even  if  it  exists.  Fig.  11  showJ the 
example  of  the  observed  temperature 
dependence  of  the  thermal 
conductivity  of  YBa2Cu20»7_^i  where 
we  do  not  see  any  anomaly  except  the 
one  at  .  The  magnitude  of  the 
anomaly  should  be  smaller, if  any, 
than  1/10  of  the  one  observed  at  T^. 

6.  Summary 

Results  of  our  recent  works  are 
described  from  the  view  point  that 
to  clarify  the  characteristics  of 
the  high-T^  oxides  is  primarily 
important.  We  believe  that  the 
essential  points  are  now  getting 
much  clearer. 


Fig.  11.  Temperature  dependence  of 
conductivity  of  a  sintered  specimen 
YBa2Cu307.^.  The  anomaly  at  T^  is 
the  arrow. 


the  thermal 
of 

indicated  by 


The  authors  are  grateful  to  their  collaborators,  especially  to  the  neutron 
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bpecific  heat  Study  of  <T)  and  Ni/Zn  Substituted  Samples 

Y.  Nakazawa,  J.  Takeya  and  M.  Ishikav;a 

Institute  for  Solid  State  Physics,  University  of  Tokyo 
Roppongi,  Minato-ku,  Tokyo  106  Japan 

The  specific  heat  of  Ba2VCUjOy  ( 6  y  <  7)  and  Ba2Y(CUj^_j^Mj^)20^y  =  Ni  and 
Zn)  has  been  measured  in  the  temperature  range  of  0.5  and  120  K  to  clarify 
origins  and  nature  of  specific  heat  anomalies  in  the  superconducting  state 
such  as  finite  ^  values  and  upturn  in  Cp/T  as  well  as  the  double  peak 
around  T  •  The  results  on  the  Ni  or  Zn  substituted  samples  suggest  that  the 
finite  T  and  the  upturn  are  related  to  disorder  on  CUO2  planes  and  CuO 
chains,  respectively.  The  double  peak  was  found  to  be  extremely  sensitive 
to  the  oxygen  concentration  on  CuO  chains,  the  higher  temperature  peak 
being  dominant  at  a  little  less  oxygen  concentration.  For  some  Ni 
substituted  samples  we  discovered  low  temperature  magnetic  ordering  of 
short  range  type  at  0.8  K  in  the  superconducting  state. 


Although  a  considerable  number  of  specific  heat  measurements  has  been  performed  on 
high  T  oxide  superconductors  [1],  there  still  remain  several  unanswered  important 
ouestions  to  distinguish  theories  proposed  for  the  mechanism  of  high  T^ 
superconductivity.  In  order  to  clarify  some  of  these  questions  we  performed  specific 
heat  measurements  on  well  annealed  samples  prepared  as  previously  reported  12].  For 
this  study  we  modified  our  adiabatic  heat  pulse  calorimeter  for  high  temperature  (30  K 
~300  K)  such  that  a  small  (0.5  1  gram)  YBCO  sample  could  be  measured  within  one 

percent  of  precision  and  with  about  0.5  percent  of  random  errors.  This  modification  was 
motivated  to  discern  small  anomallies  on  the  specific  heat  curves  of  YBCO  samples  below 
T  as  previously  seen  by  us  [3]. 

In  fig.  If  we  present  the  specific  heat  curves  for  Ba^VCu^Oy  (6.80  ^  y  ^ 
between  50  and  120  K,  which  show  a  discontinuity  at  T^,  ACp/T^  as  high  as  60  mJ/mol-K  . 
The  curve  for  y  =  6.92  has  a  broad  peak  at  89  K  and  a  shoulder  at  92  K.  We  believe  that 
these  features  around  T^  correspond  to  the  distinct  double  peak  discerned  by  our 

previous  ac  calorimetry  [4],  being  simply  broadened  here  by  the  present  calorimetry  of 
heat  pulse  type.  It  is  more  interesting  to  note  that  for  the  samples  of  y  =  6.84  and 

6.88  the  higher  temperature  peak  becomes  dominant,  while  the  lower  temperature  peak  is 
broadened  and  shifted  to  a  lower  temperature.  It  seems  to  be  reasonable  to  assume  that 
this  variation  of  the  specific  heat,  peaks  results  primarily  from  the  change  in  the 

ordering  of  oxygen  atoms  around  the  Cul  sites,  i.e.  the  detailed  structure  of  CuO 

chains.  Very  similar  behavior  has  also  been  observed  in  our  preliminary  study  on 
Ba2lsrCu30  ( 6 . 87  <  y  ^  6 . 92 ) .  It  is  further  noted  here  that  ^  Cp/T^  for  the  higher 
temperature  peak  is  always  only  about  two  thirds  of  that  for  the  lower  temperature 
peak.  At  the  moment  we  are  not  sure  about  the  origins  of  these  two  peaks,  but  we  may 
attribute  the  lower  temperature  peak,  which  appears  to  be  more  sensitive  to  the  oxygen 
content,  to  the  superconductivity  related  to  the  CuO  chains  and  the  other  to  the  CUO2 
planes,  or  alternatively  attribute  both  to  different  ordered  states  of  CuO  chains  like 
the  proposed  ordered  homologous  structures  of  I^®2^^'^3*^7-n/( 2n+l ) 


134 


Temperature  (K) 

If  the  latter  model  is  correct,  we  must  consider  these  YBCO  samples  as  a  mixture  of 
some  of  those  homologous  structures  with  different  order  of  CuO  chains,  even  if  they 
are  well  annealed  samples.  In  this  regard  it  is  interesting  to  note  the  small  but 
manifest  anomaly  around  65  K,  as  can  be  seen  in  Fig.  1,  which  seems  to  correspond  to 
the  anomaly  in  the  ortho-II  (y  =  6.5)  phase  with  an  ordered  double-cell  structure  [6], 
To  settle  the  question  more  careful  experiments  such  as  magnetic  field  dependence  of 
these  anomalies  would  be  necessary.  Along  this  line,  we  began  to  study  effects  of 
substitution  of  magnetic  (Ni)  or  non-magnetic.  (Zn)  atoms  onto  the  CUO2  planes.  Specific 
heat  curves  of  (Cu^^^^Zn^) ^0^^  are  shown  in  Fig.  2  for  x  =  0.5,  1.0  and  2.0. 


TempQrature(K) 

It  is  important  to  remember  here  that  both  nickel  and  zinc  atoms  replace  Cu2  atoms 
on  the  CUO2  plane  without  disturbing  CuO  chains  much.  One  of  the  most  important 
differences  between  the  curves  for  YBCO  and  YBCO-Zn  in  Figs.  1  and  2  is  that  the  peak 
of  the  former  broadens  very  rapidly  with  a  slight  decrease  of  T^,  while  the  peak  of 
YBCO-Zn  remains  discernible  even  if  is  decreased  by  more  than  20  K.  It  would  be  then 
reasonable  to  attribute  this  to  less  disturbed  CuO  chains  in  the  latter  system.  This 
is  also  true  for  the  Ni  substituted  samples,  although  the  peaks  are  slightly  broader 
than  those  for  the  Zn  samples  probably  because  of  more  inhomogeneous  distribution  of 
nickel  atoms  on  the  CUO2  planes.  This  difference  between  oxygen  depleted  YBCO  and  the 
substituted  samples  strongly  suggests  the  important  role  of  CuO  chains  for  the 
superconductivity  in  the  Ba2YCu20y,  although  more  direct  evidence  would  be  awaited. 
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we  now  turn  ourselves  to  the  low  temperature  anomalies  in  these  systems.  We  have 
alreadv  reported  the  variation  of  /  a  function  of  oxygen  concentration  in  Ea2YCu30y 
[3].  we  present  in  Kig.  3  more  recent  result,  where  the  f  remains  approximately 
constant  (~4  mJ/mol-K^)  except  for  the  region  of  normal  metal  around  y  =  6.3.  Contrary 
to  this,  Y*  *  substituted,  samples  dramatically  increases  with  the  zinc 
substitution,  as  can  be  seen  in  Fig,  4.  The  actual  C^/'l  vs  curves  are  shown  in  fig. 
5  for  X  =  0,  0-5,  3  and  5. 


Fig.  3  (left)  T*  and  0 
of  &a2VCu^0^. 

Fig.  4  (right)  and  0 
of  2^  ^ ^^1  “ ^  3^'^7  ’ 


Fig.  5  Low  temperature  specific 

heat  of  Ba2y  ( Cu^_^Z  . 


It  is  clear  from  the  Figure  that  the  upturn  of  C^/V  at  low  temperatures  and  the 
■J-*  are  of  different  origin,  because  the  f  increases  without  accompanying  a  noticeable 
change  of  the  upturn.  It  is  more  important  to  note  here  that  the  discontinuity  at  1^  is 
not  much  affected  by  such  a  large  increase  of  t*  (see  Fig.  2).  These  facts  point  to  a 
tentative  conclusion  that  the  finite  t  in  the  superconducting  state  of  these  systems  is 
intrinsic  and  associated  somehow  with  a  disorder  on  CuOj  planes,  as  previously 
conjectured  [3J.  We  are  now  trying  to  test  this  conjecture  by  investigating  effects  of 
disorder,  oarticularly  on  the  magnetic  properties  of  the  zinc  substituted  system. 

A  similar  increase  of  If*  has  been  observed  also  for  the  nickel  substituted  system,  but 
in  this  case  it  was  not  so  obvious  as  in  the  former  system  because  of  the  presence  of 
the  magnetic  order  around  0.8  K,  as  can  be  seen  in  Fig.  6. 
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Fig.  6  Low  temperature  specific 

heat  of  Ba2Y (Cu^^^Ni^ ) ^0^^ , 
showing  magnetic  order. 


It  is  obvious  from  the  curves  that  the  magnetic  order  is  not  of  long  range  but  of  short 
range  type,  probably  like  spin-glass  or  small  clusters.  This  is  consistent  with  the 
broader  specific  heat  peak  at  in  this  system,  as  commented  above.  This  is  the  first 
observation  of  magnetic  order  by  specific  heat  measurements  on  substituted  samples  of 
YBCO,  and  similar  short  range  magnetic  order  is  expected  to  occur  also  for  Fe 
substituted  samples,  as  previously  conjectured  by  us  [7].  We  also  measured  low 
temperature  specific  heat  of  Ba2Dy(CuQ  study  effect  of 
magnetic  and  non-magnetic  atoms  on  the  Neel  temperature,  T^^  and  found  that  the  nickel 
substitution  reduces  and  broadens  T^  but  the  zinc  substitution  does  not  affect  it. 


In  summary,  we  measured  low  and  high  temperature  specific  heat  of  Ba2YCu^0y  < 6 4  yj' 
7),  Ba2ErCu^0y  (6.88:^  y^  6.92)  and  Ba2Y  ( )  ^0^^  (M  =  Ni  and  Zn)  in  an  attempt  to 
clarify  several  important  questions  concerning  specific  heat  anomalies.  The  double  peak 
around  T^  was  reaffirmed  for  the  two  former  systems  and  the  higher  temperature  peak  at 
92  K  is  associated  with  a  state  of  slightly  less  oxygen  (^6.88)  and  the  other  peak 
around  89  K  rapidly  broadens  and  disappears  with  decreasing  oxygen  concentration.  From 
low  temperature  results  we  determined  the  variations  of  the  residual  and  the  upturn 
of  Cp/T  as  a  function  of  oxygen  and  Ni/Zn  concentration,  which  suggest  that  both 
and  the  upturn  are  of  different  origin  and  due  to  disorder  on  CUO2  planes  and  CuO 
chains,  respectively.  In  this  sense,  both  low  temperature  anomalies  are  primarily 
intrinsic  to  this  type  of  compound,  not  due  to  foreign  impurity  phases  as  suspected  by 
some  workers.  Finally  it  is  pointed  out  that  all  the  present  results  are  consistent 
with  the  idea  of  the  essential  role  of  CuO  chains  for  the  superconductivity  in  the  YBCO 
system. 


We  would  like  to  thank  the  other  members  of  our  group  at  I.S.S.P.,  K.  Hirota,  N. 
Shirakawa  and  T.  Shibuya  for  their  collaboration. 
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The  temperature  dependences  of  the  thermal  conductivity  and  electrical  resistivity  of 
Laj^  85^^0.15^^^4  superconductor  have  been  measured  in  the  temperature  range  from  1.8K  to  260K 
in  order  to  investigate  the  scattering  mechanism  of  conduction.  Although  the  thermal  conduc¬ 
tivity  does  not  exhibit  a  striking  increase  below  T^,,  such  as  in  the  systems  Y-Ba-Cu-0(  1-2- 
3  type)  and  Bi-Pb-Sr-Ca-Cu-0,  the  lattice  thermal  conductivity  was  dominant.  The  T^-depend- 
ence  of  the  thermal  conductivity  was  also  observed  below  lOK,  like  as  those  of  Y-Ba-Cu-0  and 
Bi-Pb-Sr-Ca-Cu-0.  The  low  temperature  specific  heat  has  been  also  measured  in  the  temperature 
range  from  1.8K  to  43K  and  it  turned  out  that  the  electronic  specific  heat  coef f icient , y,  was 
very  small  and  the  Debye  temperature , 0^,  was  about  22 IK. 


We  have  already  reported  the  thermal  conductivity,  k.  i  of  high  temperature  superconductors  in  the 
systems  of  Y-Ba-Cu-0( 1-2-3  type,  YBCO)  and  Bi-Pb-Sr-Ca-Cu-O(BPSCCO) [  1 ,2 ] .  The  sudden  increase  of  the 
thermal  conductivity  of  these  superconductors  near  T^,  was  observed  and  interpreted  as  the  results  of  elec¬ 
tron  correlation  to  Cooper  pairs.  Therefore  the  phonons  ’are  no  more  scattered  by  electrons  and  thermal 
conductivity  increases.  These  superconductors  showed  the  T^-dependence  in  K (T)  below  lOK.  However,  the 
explanation  of  the  T^-dependence  has  not  been  established  yet[3]. 

In  this  paper,  we  report  the  results  of  the  temperature  dependences  of  thermal  conductivity  and  e- 
lectrical  resistivity  on  La^^  85^^0  iS^uO^  superconductor  in  the  temperature  range  from  1.8K  to  260K,  and 
also  report  the  result  of  the  low  temperature  specific  heat  in  the  temperature  range  from  1,8K  to  43K« 

The  sample  was  prepared  by  the  conventional  powder  sintering  method.  X-ray  diffraction  pattern  of 
this  sample  showed  K2NiF4  type  crystal  structure.  A  steady  heat  flow  method  was  used  to  measure  the  ther¬ 
mal  conductivity.  Detail  of  measurement  technique  was  described  elsewhere[4] .  The  electrical  resitivity 
was  measured  by  DC  method  with  four  terminals.  The  low  temperature  specific  heat  was  measured  by  an  adi¬ 
abatic  heat  pulse  method [5], 

Figure  I  shows  the  temperature  dependence  of  the  electrical  resistivity,  p  ,  on  Laj  g^StQ^  j^^CuO^. 

The  sharp  superconducting  transition  is  observed  and  the  superconducting  transition  temperature, Tj. ,  was 


r  (K) 


Fig.l  Temperature  dependence  of  electrical 
resistivity, p  , 


T  (K) 

Fig. 2  Temperature  dependence  of  thermal  con¬ 
ductivity  ,  K  - 
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T  (K) 

Fig. 3  Temperature  dependence  of  thermal 


conductivity  by  log-log  plotts. 


t2  (k2) 

Fig. 4  Specific  heat  divided  temperature, 
C/T  vs  t2  in  the  temperature  range 
from  4.2K  to  43K. 


Fig.  5  Log-log  plotts  of  C  vs  T  below  lOK.  C/T  vs  t2  between  1.8K  and  lOK. 


34K.  at  which  P=0.  The  transition  width  .  ATc.  was  about  3K.  The  value  of  p  at  T=0K  was  1.15mn.cm. 

which  was  obtained  by  extrapolating  p(T)  in  the  normal  state  into  T=0K  smoothly. 

Figures  2  and  3  show  the  temperature  dependence  of  the  thermal  conductivity  .  ic  ,  on  Laj  gjSrg .  15CUO4. 

As  seen  in  figures,  the  thermal  conductivity  decreases  with  decreasing  temperature  monotonically .  No 
sudden  increase  of  k  was  observed  below  The  contribution  of  thermal  conductivity  ,  Kc  from  the 

charge  carrier  was  estimated  by  using  the  Wiedemann-Franz  law.  L=KcP/T  in  terms  of  the  electrical  resis¬ 
tivity  data  just  above  Tc  where  L=2.45xl0-8w  Q/k2  is  the  Lorenz  number.  The  estimated  value  of  (Cc  is 
5mW/cm-K  at  T=260K,  and  it  amounts  about  30%  of  the  total  conduction.  Therefore,  the  main  part  of  ther 
n^l  conduction  is  considered  due  to  the  phonons  similar  to  the  other  high-T^  superconductors.  YBCO  and 

BPSCCO[l,2).  , 

Figure  4  shows  the  results  of  the  specific  heat.C.  divided  temperature.T.  against  T  in  the  temper¬ 
ature  range  from  4.2K  to  43K.  The  specific  heat  jump  at  T,  is  barely  seen;  AC/Tc  = 24mJ/mole.K  .  ^Usxng 
the  BCS  theory[8].  the  electronic  specific  heat  coefficient, Y ,  is  estimated  as  about 

Figure  5  shows  the  results  of  the  specific  heat.C.  vs.  temperature.T.  by  log-log  plotts  between  1.8K 
and  lOK.  Solid  line  shows  the  T3-dependence.  which  corresponds  to  the  lattice  specific  heat.  Figure  6 
shows  the  results  of  C/T  vs  below  lOK  in  detail.  C/T  is  expressed  by  the  straight  line  through  zero 

point;  C/T=1.26t2  mJ/mole.K2  below  4.2K.  However,  since  we  have  no  data  below  1.8K,  it  cannot  be  con 
eluded  whether  yT=0  or  not.  The  Debye  temperature.Q^.  was  estimated  as  about  221K.  The  simple  kinetic 
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Fig.  7  Log-log  plotts  of  K  vs  T  in  the  Fig.  8  Log-log  plotts  of  k:  vs  T  below  20K. 

systems  YBCO  and  BPSCCO.  T^-dependence  is  observed  below  iOK. 

formula,  /Cp  =  ( 1 /3)ClvL ,  relates  the  phonon  thermal  conductivity , Kp ,  to  the  phonon  specific  heat.CL,  the 
phonon  velocity, v,  and  the  phonon  mean  free  path,L.  Using  our  data, /c and  Cl  at  T=1.8K  and  v=4.64xl05 
cm/sec  obtained  by  Horie  et  al.[9],  the  value  of  L  is  calculated  as  0.24pm. 

Finally ,  We  describe  the  temperature  dependence  of  thermal  conductivity  at  low  temperatures.  Figure 
7  shows  the  temperature  dependence  of  thermal  conductivity  for  the  systems  of  YBCO  and  BPSCCO  by  log-log 
plotts  below  lOK,  All  samples  show  the  T^-dependence.  Figure  8  shows  the  results  of  Laj  85SrQ  j^^CuO^ 
below  20K.  As  seen  in  Fig.  8,  the  T^-dependence  of  thermal  conductivity  is  also  observed  on  this  sample. 
It  seems  that  the  T^-dependence  of  thermal  conductivity  at  low  temperatuers  in  high-T^  oxide  superconduc¬ 
tors  is  common  characteristic  features.  Although  there  are  a  few  explanation  for  this  T^-dependence,  it 
is  not  known  clearly [6 , 7] . 

We  would  like  to  thank  Dr.  S.  Nishijima  for  the  preparation  of  sample,  which  is  the  round-robin 
test  sample(BL5)  of  the  Multicore-Project-Data  Base  Group  conducted  by  the  Ministry  of  Science  and  Tech¬ 
nology. 
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Nearest-neighbor  spin-correlation  energy  J  was  estimated  from  the  peak  tem¬ 
perature  of  the  normal  state  susceptibility  in  the  La2_j^Srj^Cu04_y  system. 

The  energy  J  decreases  linearly  with  increasing  x  in  the  range  of  x>0.08. 
However,  J  deviates  from  the  linear  dependence  to  the  higher  energy  side  for 
x<0.08.  This  behavior  of  J  was  interpreted  from  the  role  of  localized  holes 
and  itinerant  ones.  The  superconducting  phase  diagram  of  the  2223-phase  was 
studied  in  the  n=3  Bi-Sr-Ca-Cu-0  system.  The  experimental  result  suggests 
the  holes  are  preferably  populate  in  the  outer  two  CUO2  sheets  of  the  three. 

I.  The  La-Sr-Cu-0  System 

Enormous  efforts  have  been  made  to  clarify  the  mechanisms  of  the  high-temperature 
oxide  superconductivity,  but  they  are  still  controversial.  On  the  phonon  mechanism, 
nonlinear  dependence  of  isotope  effect  on  the  hole  concentration  in  the  La2 .^Sr^^CuO^ 
(LSCO)  system  by  Crawford  et  al.  [1]  makes  the  mechanism  turn  about  to  the  frontier  of 
the  discussion.  However,  the  spin  fluctuation  mediated  superconductivity  is  the  most 
attractive  mechanism  of  high  Tc  as  well  as  the  charge  fluctuation  mediated  one  [2], 
The  behaviors  of  the  Cu  spins  have  been  studied  extensively  in  the  LSCO  system  against 
hole  concentration  or  in  the  relation  to  the  superconducting  phase  diagram  by  means  of 
neutron  scattering  (J=1400  K  for  the  sample  x=0)  [3],  Raman  scattering  (J=1700  K=1200 
cm"^  for  x=0)  [4]  and  magnetic  susceptibility  measurements  [5-8],  where  J  is  the 
nearest-neighbor  spin-correlation  energy.  In  all  the  measurements,  no  experiment 
covers  whole  range  of  x  where  J  remains  finite  value.  In  the  present  work,  the  cor¬ 
relation  energy  J  has  been  studied  in  the  LSCO  system  by  means  of  the  magnetic  sus¬ 
ceptibility  measurement  of  the  normal  state  in  the  wide  range  of  the  temperature  up  to 
1  200  K.  The  results  will  be  discussed  in  the  relation  to  the  itinerancy  of  holes  and 
the  superconducting  phase  diagram. 

The  LSCO  ceramic  samples  were  sintered  by  employing  hot-press  technique  [9].  The 
hot-pressed  ceramics  are  dense  enough  and  have  good  quality  in  the  superconducting 
profiles  [10].  Magnetic  transition  temperature  Tc  and  the  volume  fraction  of  the 
superconductivity  were  estimated  from  ac-susceptibility  measurement.  The  magnetic 
susceptibility  of  the  normal  state  was  measured  by  employing  a  magnetic  balance  (1200 
>T>300  K)  and  a  SQUID  magnetometer  (T<400K).  In  both  experiments,  the  samples  were 
exposed  to  the  low-pressure  He  exchange-gas.  In  this  circumstances,  oxygen  atom's  de¬ 
sorb  from  the  sample  with  small  x  above  1000  K  and,  in  consequence,  the  magnetic  sus¬ 
ceptibility  decreases  [10],  Then,  a  special  attention  was  paid  to  monitor  the  oxygen 
content  of  the  sample  whether  it  changes  during  the  magnetic  measurement.  Oxygen  con¬ 
tent  was  checked  by  means  of  iodometry  and  observing  the  degradation  of  the  supercon¬ 
ducting  properties  of  Tc  and  fractional  volume. 
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Fig.  1  Temperature  dependence  of 
the  magnetic  susceptibility  of  the 
normal  state  in  the  La-Sr-Cu^O 
system  for  the  various  concentration 
of  X.  (from  Reference  11). 


Fig.  2  Superconducting  diamagnetism 
for  the  sample  x=0.08  measured 
before  and  after  the  high 
temperature  magnetic  measurement, 
(from  Reference  11). 


The  experimental  results  of  the  high-temperature  susceptibility  without  the  cor¬ 
rection  of  the  core  diamagnetism  are  shown  in  Fig.  1  [11].  It  is  evident  that  the 
susceptibility  for  the  sample  with  x=0.09  slightly  decreases  as  increasing  temperature 
above  800  K,  showing  a  broad  maximum  as  well  as  those  for  the  samples  x>0.09.  In  cont¬ 
rast,  the  susceptibility  for  the  sample  x=0.08  does  not  saturate  nor  decreases  as 
increasing  temperature  up  to  1200  K.  Thus  the  temperature  corresponding  to  the  maximum 
of  the  susceptibility,  shifts  to  the  higher  temperature  side  as  decreasing  Sr 
concentration  x  and  jumps  up  like  step-wise  from  x=0.08  to  0.09.  Concerning  to  the 
magnitude  of  the  maximum  susceptibility,  it  increases  with  increasing  hole  densities 
or,  accordingly,  with  decreasing  of  Those  behaviors  are  consistent  with  the 
results  of  the  earlier  works  [5-8]. 

Before  the  high-temperature  magnetic  measurement,  the  carrier  densities  were 
determined  from  the  iodometric  analysis.  The  results  showed  the  excellent  linear  cor¬ 
relation  of  hole  densities  to  the  Sr  concentrations  in  the  present  range  of  x  up  to 
0.18  as  reported  by  Torrance  et  al.  [12].  After  the  magnetic  measurement,  the  carrier 
densities  obtained  from  iodometry  show  a  little  lower  values  for  the  samples  experi¬ 
enced  the  temperature  higher  than  800  K.  For  such  samples,  however,  the  superconduct¬ 
ing  properties  hardly  change  through  the  thermal  cycle.  A  typical  example  is  shown  in 
Fig.  2  for  the  sample  with  x=0.08.  As  seen  in  the  figure,  the  magnetic  onset  tempera¬ 
ture  is  identical  within  the  experimental  error  of  0.1  K,  although  the  sample  experi- 
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enced  1200  K,  and  the  magnitude  of  the  low  temperature  superconducting  diamagnetism  X 
decreases  slightly  of  about  10  %.  Referring  to  the  x  dependence  of  Tc  and  X  in  this 
LSCO  system  [10],  the  change  of  hole  concentrations,  dx,  is  estimated  from  the  shift 
of  Tc  and  the  magnitude  of  X  at  low  temperature,  which  is  dx<0.01. 

It  should  be  noted  that  the  desorption  of  oxygen  atoms  resulted  in  the  decrease 
of  the  magnetic  susceptibility  as  indicated  in  Fig.  1  of  Ref.  10.  Then,  if  the  oxygen 
atoms  desorbed  at  high  temperatures  for  the  sample  x=0.08  or  x<0.08,  the  susceptibili¬ 
ty  would  decrease  and  show  a  maximum  at  high  temperature,  contrary  to  the  experimental 
results  in  Fig.  1.  Thus  that  Tj^^^  is  higher  than  1  200  K  for  the  samples  x<0.08  is 
true,  even  though  the  oxygen  atoms  would  desorb  at  the  higher  temperature.  The  highest 
temperature  measured  for  the  samples  x>0.09  is  lower  than  1000  K  and  we  believe  that 
the  influence  of  the  oxygen  desorption  must  be  negligibly  small  for  those  samples. 

The  is  plotted  against  the  Sr  concentration  x  in  Fig.  3.  The  present  results 

(0.09<x<0.2)  indicate  good  coincidence  with  the  results  of  the  other  magnetic  measure¬ 
ments  (0.1  Six);  That  is,  exhibits  linear  dependence  on  the  Sr  concentration  x  in 

the  range  of  xi0.09.  If  we  extrapolate  the  linear  dependence  to  the  lower  x,  T^^^^  at 
x=0  is  expected  to  be  1  000-1  200  K  as  suggested  by  Oda  et  al.  [6].  In  the  results  of 
the  present  experiment,  however,  shows  up-turn  at  x=0.08  as  described  above  and 

it  is  indicated  by  the  solid  curve  in  Fig.  3.  We  have  measured  eight  samples  with 
different  x  in  the  range  of  0<xi0.08,  and  it  is  ensured  that  the  exceeds  1  200  K. 

From  the  theoretical  point  of  view, 

Tj^^^  is  calculated  for  S  =  i  system  in  a 
linear  chain  model  by  Bonner  and  Fischer 

[13] ,  and  the  result  is  kTj^ax  =  ^  •  where 
k  is  the  Boltzman  constant.  In  the  two 
dimensional  system,  ^'^max “ ^  ^  was 
obtained  for  the  simplest  model  by  Line 

[14] .  In  any  way  we  can  put  roughly 
J.  Then  the  ordinate  of  Fig.  3  expresses  J 
in  Kelvin  units.  The  observed  J  values 
other  than  the  magnetic  measurements  are 
also  plotted  in  Fig.  3;  They  are  obtained 
from  neutron  scattering  [3]  (denoted  by  a 
solid  circle)  and  Raman  scattering  [4] 

(denoted  by  open  rectangular s ) .  If  we 
extrapolate  the  step-wise  increase  of  J  at 
x=0.08  to  the  lower  x,  the  solid  curve 
seems  to  approach  to  the  upper  branch  of 
J,  that  is  observed  in  neutron  or  Raman 
scattering  experiments.  The  upper  branch 
of  J  observed  by  Raman  experiment  shows 
the  moderate  decrease  of  J  as  increasing 
x,  comparing  to  the  lower  branch  observed 
by  the  magnetic  measurements.  The  moderate 
decrease  at  small  x  region  is  due  to  the 
localized  character  of  the  doped  holes,  as 
well  as  due  to  the  enhancement  of  J  ex- 


Fig.  3  plotted  as  a 

function  of  x.  expresses  J  in 

Kelvin  units  assuming  kTj^^^^-J.  The 
solid  curve  is  guide  for  eyes  to  the 
behavior  of  J  against  x.  J  observed 
by  other  experiments  are  also 
plotted  for  neutron  (a  solid  circle) 
and  Raman  (open  r e c t a n g u  1  a r s  ) 
experiments,  (from  Reference  11). 
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pected  from  the  shrinkage  of  the  lattice  constant  of  the  plane  as  pointed  by  Torrance 
et  al.  [8].  The  transition  from  upper  to  lower  branches  occurs  as  increasing  of  the 
itinerant  character  of  holes.  When  we  estimate  the  itinerancy  of  holes  from  the 
conductivity  at  300  K  in  Fig,  1  of  Ref,  8,  the  conductivity  starts  to  increase  from  x= 
0.08,  that  is  in  good  agreement  with  the  present  results. 

II.  Pb-doped  Bi-Sr-Ca-Cu-O  System 

Superconducting  phase  diagram  against  the  hole  density  per  a  CUO2  plane,  p,  has 
been  studied  extensively  in  many  superconducting  cuprate  systems  [15].  In  particular, 
it  is  indicated  experimentally  that  the  phase  diagram  for  the  n=2  cuprate  system  in 
the  BSCCO  system  nearly  coincided  with  that  for  the  n=1  cuprate  system  of  LSCO  when 
the  Tc  was  normalized  by  the  maximum  Tc  in  each  system,  where  n  is  the  number  of  CUO2 
sheets  in  a  chemical  formula  [16].  This  result  suggests  the  possibility  that  the 
normalized  phase  diagram  is  universal  for  the  Cu02~based  superconductors  as  pointed 
out  firstly  by  Tokura  et  al.  [17].  For  the  case  of  n=:3,  the  situation  is  a  little 
different,  since  the  carrier  population  in  the  mid  sheet  of  the  three  CUO2  planes  is 
still  in  question  [18].  In  order  to  clarify  this  problem,  we  have  synthesized  a  sin- 
gle*-phase  n=3  cuprate  (the  2223  phase)  in  the  Pb-doped  BSCCO  system  [19],  and  the  hole 
concentration  was  varied  by  introducing  La  substitution  for  Sr  or  Ca  atoms. 

The  magnetic  properties  of  the  superconductivity  was  measured  by  employing  an  ac- 
and  a  SQUID  magnetometer.  Hole  densities 
were  estimated  from  iodometry,  assuming 
the  chemical  formula  determined  by 
electron  probe  microscope  analysis.  The 
compositions  of  the  formula  is  close  to 
the  nominal  one  except  the  content  of  Pb 
due  to  vaporization  in  firing  process.  The 
results  are  summarized  in  Fig.  4.  When  we 
assume  the  holes  are  distributed  only  in 
the  equivalent  two  sheets  other  than  the 
mid  sheet,  the  results  are  denoted  by 
solid  circles.  On  the  other  hand,  assuming 
that  the  holes  are  equally  distributed  in 
the  three  sheets  (denoted  by  open 
circles),  the  phase  diagram  moves  to  the 
lower  hole-density  side  as  shown  in  the 
figure.  The  phase  diagram  for  the  n=2 
system  (the  2212  phase)  [16]  is  expressed 
by  solid  curves  and  triangles  for  compari¬ 
son.  We  need  the  experiments  at  higher 
hole  densities.  However,  the  results  in 
Fig.  3  suggest  the  holes  are  distributed 
preferably  to  the  outer  two  sheets  of  the 
three. 

III.  SUMMARY 


Fig,  4  Phase  diagram  of  the 
superconductivity  for  the  2223  phase 
of  BSCCO.  Assuming  holes  are 
distributed  only  in  the  outer  two 
sheets,  the  results  are  indicated  by 
solid  circles,  and  open  circles 
denote  the  results  for  the  equally 
distributed  case.  The  phase  diagram 
for  the  2212  phase  is  expressed  by  a 
solid  curve  and  triangles. 
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We  have  observed  the  magnetic  susceptibility  of  the  normal  state  in  the  LSCO 

system  up  to  1  200  K.  The  temperature  corresponding  to  the  maximum  of  the  magnetic 
susceptibility  decreases  almost  linearly  to  the  Sr  concentration  x  in  the  range  of 
x>0,09.  From  x=0.09  to  0.08,  increases  abruptly  and  exceeds  the  experimental 

limit  of  1  200  K.  Assuming  we  have  discussed  the  present  results  with  the 

relation  to  the  J  values  observed  in  the  lower  x  region  by  neutron  or  Raman  experi¬ 

ments.  We  propose  the  presence  of  two  branches  of  J:  The  upper  branch  is  in  the  small 
x  region  where  the  conductivity  is  small,  the  lower  branch  is  in  the  large  x  region 
where  the  conductivity  is  large,  and  the  transition  between  the  two  branches  occurs  at 
about  x=0.08.  Then  we  believe  that  we  have  observed  the  phase  diagram  from  the 

transition  region  to  the  lower  branch. 

We  have  synthesized  a  single  phase  2223-BSCCO  and  reduced  the  hole  densities  from 
the  substitution  of  La  for  Sr  or  Ca.  The  obtained  superconducting  phase  diagram  indi¬ 
cates  the  preferable  population  of  holes  to  the  outer  two  Cu02-sheets  of  the  three. 

The  author  would  like  to  express  his  gratitude  to  A.  Tasaki  and  E.  Kita  for  a 
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By  changing  of  two  parameters  of  x  and  6,  in  i-|.x®^2~x^^3^7-6  ’  found 

that  the  superconducting  transition  temperature  is  determined  uniquely 

by  the  hole  concentration  p^ ,  where  p^  is  the  effective  hole  concentration 
deduced  from  the  Hall  coefficient  (pj^  =  l/R^e).  p^^  shows  almost  the  same 

value  to  Pg  which  is  a  mobile  hole  concentration  in  the  sheet  of  Cu02 
plane  deduced  from  chemical  analysis.  increases  with  pj^  almost  linearly 

up  to  95K.  Furthermore,  the  relations  between  vs.  p^j  and  vs.  Pg  are 

investigated  in  the  higher  concentration  range  using  the  samples  of 
YBCO-like  system,  gQCaQ  _  22®^!  ,  98^^3^7--6  '^ith  various  amount  of  oxygen, 

which  were  prepared  by  the  annealing  in  high  pressure  oxygen.  pg 
shows  larger  values  than  pg,  and  shows  a  trend  of  decreasing  with 

increasing  hole  concentration,  which  is  qualitatively  similar  to  but 
quantitatively  different  from  the  case  of  La2_x^^ x^^^4 * 


INTRODUCTION  Using  single-phase  solid  solution  system  Nd^^.j^Ba2_j^Cu307_^  and 
changing  the  two  parameters  of  x  and  6  by  the  annealing  in  high  pressure  oxygen,  it 
has  been  confirmed  by  the  present  authors  that  the  superconducting  transition  tem¬ 
perature  T^  in  the  system  is  determined  uniquely  by  the  hole  concentration  p^,  where 
pjl  is  the  effective  hole  concentration  deduced  from  the  Hall  coefficient  Rg  just 
above  T^  ( pj^  =  l  /  R^^e )  [  1  ]  .  Furthermore,  pg  shows  almost  the  same  value  to  Pg  which  is  a 
mobile  hole  concentration  in  the  sheet  of  CUO2  plane  deduced  from  chemical  analysis 
based  on  an  assumption  proposed  by  Tokura  et  al,  [2],  T^  increases  with  pj^  almost 
linearly  up  to  95K,  i.e.  T^°c  (PH”PH0^’  showing  a  contrast  to  the  case  of  La2_xSr ^^CuO^ 
system . 

On  the  other  hand,  according  to  the  chemical  analysis  performed  by  Tokura  et  al. 
for  Ca-subs  t  i  t  ution  system  _j^Caj^Ba2Cu30-7_  ^  where  Y  is  expected  to  be  substituted 
partially  by  Ca ,  it  was  suggested  that  in  the  higher  hole  concentration  region  T^  has 
a  trend  of  decreasing  with  increasing  hole  concentration. 

Thus  it  seems  to  be  imperative  to  investigate  the  relation  between  T^  and  the 
hole  concentrations  pj^  in  the  higher  hole  concentration  region  of  the  Ca-subs titution 
system,  together  with  the  relation  between  pj^  and  pg  .  In  the  present  paper,  we 
report  the  result  of  such  investigation  performed  by  using  Ca-subs tit ution  system 
^^0  .  SO^^O  .  22®^1 . 98^^3^7-6  '^ith  various  values  of  7-6. 
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EXPERIMENTAL  The  method  to  obtain  the  single  phase  samples  of  Ca-substitu t ion 
systems  such  as  Y^_,^Ca^Ba2Cu307_ 5  and  Nd ^ _^Ca^Ba2Cu307 .5  has  not  been  confirmed  for 
significant  amount  of  x.  Furthermore,  according  to  comparison  between  X-ray  diffrac¬ 
tion  and  neutron  diffraction  data  of  the  same  samples,  it  is  shown  that  the  inclusion 
of  Ca2Cu03  and  CaCu203  can  not  detected  by  X-ray  diffraction  up  to  10%  or  so,  because 
of  the  small  X-ray  scattering  cross  section  of  the  lighter  elements[3]. 

Considering  these  facts,  we  prepared  the  samples  which  all  have  the  same  com- 
position,  i.e.  Ndo.8oC®0.22®''l  .98^“3‘^7-6  various  amounts  of  oxygen  (7-6).  The 

samples  with  largest  amounts  of  (7-6)  were  obtained  by  the  annealing  in  high  pressure 
oxygen  up  to  lOOOatm.  (at  350°C,  for  60hrs).  Some  samples  were  prepared  by  the 
reduction  of  oxygen  from  high-pressure-annealed  samples.  The  reduction  process  was 
monitored  by  TGA  analyzer . 

RESULTS  AND  DISCUSSION  As  proposed  by  Tokura  et  al.[2]  the  superconducting 
properties  of  YBCO-like  systems  can  be  described  by  a  kind  of  phase  diagrams  as  shown 
in  Fig.l.  The  abscissa  represents  3  times  of  an  average  charge  of  [Cu-0]  i.e.  the 
hole  concentration  per  unit  cell,  and  the  ordinate  represents  oxygen  content.  The 
triangles  represent  the  points  of  investigated  samples  of  Nd^^xBa2_xCu307_ 5 .  The 
plotted  points  along  the  solid  line  A,  represent  the  samples  of  the  present  experi¬ 
ments.  The  point  denoted  by  double  circle  represents  the  sample  annealed  in  oxygen 
at  high  pressure.  The  open  circle  represents  the  sample  sintered  in  oxygen  at  latm. 
The  dot-dashed  line  represents  the  boundary  between  insulating  samples  and  samples 
with  a  certain  amount  of  mobile  holes  in  the  case  of  Nd  2^^x®^2-x^'^3*^7 -6  *  case 

of  Ndg  80^®0 .22®®1 .98‘'“3°7-6  ’  boundary  should  be  shifted  to  left  hand  side,  be¬ 

cause  the  average  charge  of  so-called  Y-site  is  about  2.8  instead  of  3  in  YBCO.  The 
solid  line  parallel  to  the  broken  line  is  the  boundary  which  has  been  determined  ex- 
perimentally  in  the  present  experiment. 


Fig.l.  Phase  diagram  of  YBCO-like  systems 

against  the  oxygen  content  (7-6)  and  the  hole 
concentration.  The  dot-dashed  line  represents 
the  boundary  between  the  superconducting  sam¬ 
ples  and  the  insulating  samples,  proposed  by 
Tokura  et.al.[2].  The  triangles  represent  the 
points  for  the  investigated  samples  of 

Ndi+x^^2-x^“3°7-6- 

For  Ndo.8oCao.22Bai.98Cu307-6-  points  are 

plotted  along  the  solid  line  A.  Single  and 
double  open  circles  represent  the  points  of  the 
samples  annealed  in  latm.  oxygen  and  in  oxygen 
at  high  pressure  of  about  lOOOatm.  ,  respec¬ 
tively.  The  points  for  the  samples  whose  oxygen 
contents  are  reduced  after  annealing  in  high 
pressure  oxygen,  are  shown  by  closed  circles. 
The  solid  line  parallel  to  the  dot-dashed  line 
is  the  boundary  for  NdQ _ gQCag _ 22®® 1 . 98^“3®7-6 
samples  proposed  in  the  present  experiment. 
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In  Fig,  2,  the  effective  hole  concentrations  the  unit  of  cm  )  are  plotted 

against  temperature  for  various  samples  with  different  oxygen  content  (7-6).  Al¬ 
though  the  observed  data  are  rather  scattered,  a  systematic  variation  is  evident  as 
seen  in  the  figure. 

In  Fig.  3,  the  relation  of  with  the  hole  concentrations  deduced  from  the  Hall 
coefficient  Ph(Ph^^/^H®^  plotted  by  the  open  circles.  They  are  compared  with 

T  -p  relation  plotted  by  closed  circles,  where  pg  are  obtained  as  the  hole  con¬ 
centration  per  Cu02  layer  through  chemical  analysis  using  the  diagram  of  Fig.  1. 

As  already  mentioned  and  plotted  by  triangles  in  Fig.  3,  the  T^-pj^  (or  T^-pg) 
relation  obtained  in  Nd ^ ^  ^^Ba 2^x^^3^7 -6  system  are  expressed  approximately  as 
X^o:  ( ) ,  On  the  other  hand  ,  the  result  obtained  in  Ca-subst itut ion  system  ob¬ 
tained  in  the  present  experiment  is  as  shown  in  Fig.  3.  It  seems  that  the  effective 
hole  concentration  p^  is  much  larger  than  the  chemically  determined  mobile  hole  con¬ 
centration  (pg)  in  the  higher  concentration  range.  This  is  qualitatively  similar  be¬ 
haviors  to  those  obtained  in  La2-x^’^x^^^4  Quantitatively,  however,  the  behavior 

shows  difference  as  is  seen  in  Fig.  3.  Especially,  in  the  highest  T^  region  around 
Tc=80'v95K,  the  result  suggests  a  complicated  situation. 

To  our  knowledge,  reported  data  of  T^  in  Ca-subst  i  tut  ion  systems  with  1-2-3 
structure  with  significant  amount  of  Ca  showed  always  T^  of  about  80K  or  less  than 
this.  Even  in  the  result  of  the  present  experiment,  the  highest  T^  of 
Ndo  22^^1  98^^3^7-6  about  80K  at  the  hole  concentration  around  0.2  per  Cu02 

layer,  as  shown  in  Fig. 3.  In  ^ 6 j^Ba2 _ j^Cu^Oy system,  however,  T^  is  about  95K  for 
the  same  value  of  the  hole  concentration.  This  complication  may  be  related  to  the 
problem  of  oxygen  ordering  in  the  samples.  The  importance  of  the  ordering  of  oxygen 
in  the  hole  doping  mechanisms  is  demonstrated  by  the  Madelung  energy  calculation  by 
J.  Kondo  et.al.[5].  Although  further  detailed  experimental  investigation  seems  to  be 
necessary  for  T^  above  80K ,  it  should  be  pointed  out  that  we  have  obtained  p^  value 
for  2223  Bi-system  (Tj.=110K),  which  is  just  corresponding  on  the  straight  line 
obtained  in  the  Nd  ^  ^^Ba  2_.x^^3^7 -6  system  shown  in  Fig. 3.  Thus  we  may  say  that  an 
universal  relation  between  T^ ,  and  pj^  or  pg  exist  at  least  in  the  lower  hole  con¬ 
centration  region  below  that  of  the  highest  T^  of  each  cuprate  oxide  systems,  al¬ 
though  the  relation  is  different  for  the  higher  concentration  region. 
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RESISTIVITY,  HALL  COEFFICIENT  AND  TRANSITION  TEMPERATURES  IN  Ag  DOPED  Bi-Sr-Ca-Cu-0 
AND  Sb  DOPED  (Bi,Pb)-Sr-Ca-Cu-0  SUPERCONDUCTORS 
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The  temperature  dependences  of  the  resistivity  and  Hall  coefficient  have  been  investigated 
in  Ag  doped  (Bi‘i_j^Agj^)2Sr2CaCu20y  system.  The  superconductive  phase  is  dominant  within 
0ix<0.4,  and  the  structure  of  the  formed  80K  phase  was  not  changed  by  Ag  doping.  The 
resistivity  increases  exponentially  with  increasing  x.  The  Hall  coefficient  does  not 
change  in  the  samples,  where  the  80K  phase  is  dominant.  By  partial  substitution  of  Pb  and 
Sb  for  Bi,  the  IlOK  phase  is  well  stabilized.  The  electrical  transport  properties  of  the 
Sb  and  Pb  doped  sample  are  almost  the  same  as  those  of  the  only  Pb  doped  110K  phase.  Our 
observed  superconducting  transition  temperature  is  at  most  108K  in  the  Sb  and  Pb  doped 
Bi-Sr-Ca-Cu-O  system. 

Introduction 

The  high  Tc  superconductors  have  strong  correlations  between  their  Tc  and  hole  concentrations[ 1- 
3].  In  the  Bi-Sr-Ca-Cu-0  superconductor,  it  was  reported  that  the  carrier  concentration  could  be 
varied  by  substitution  of  Y[3]  or  alkaline  metals[4]  for  Sr  or  Ca,  and  the  Tc  correlated  with  its 
carrier  concentration.  Torardi  et  al.[5]  reported  that  the  excess  oxygen  was  involved  in  the  Bi-0 
sheets.  It  may  be  expected  that  the  status  of  the  Bi-0  sheets  affects  the  carrier  concentration  by 
substitution  for  Bi.  We  have  observed  the  correlation  between  carrier  concentration  and  Tc  in  the 
doped  80K  phase[6].  Here,  we  studied  whether  the  carrier  concentration  could  be  varied  by  the 
substitution  of  Ag  for  Bi. 

It  was  reported  that  partial  substitution  of  Pb  for  Bi  is  effective  to  stabilize  the  110K 
phase[7].  To  investigate  the  role  of  Pb,  we  have  tried  to  stabilize  the  llOK  phase  by  substitution  of 
Ge,  In,  Sn  and  Sb  other  than  Pb.  However,  we  could  not  stabilize  the  IlOK  phase  like  Pb  substitution. 
Especially,  30%  substitution  of  Sb  for  Bi  made  the  sample  insulator.  It  was  reported  that  Tc  of  the  Sb 
and  Pb  doped  Bi-Sr-Ca-Cu-0  system  is  above  130K[8].  We  reinvestigated  this  system  and  its  transport 
properties. 

Experimental 

The  samples  were  prepared  by  usual  solid-state  reaction  from  the  oxides  and  carbonates  powders 
with  purities  of  99.9%.  Samples  were  examined  by  a  powder  X-ray  diffraction  method  (Cu  Ka,  Rigaku  RAD- 
ROC).  The  electrical  resistivity  was  measured  by  a  four-probe  method  using  an  AC  resistance  meter. 
The  measuring  current  was  0.3mA  and  the  detection  limit  was  0.1fI^^  ("v»60mA/cm^  and  '^'ZxlO  ^  ^^•cm  in  this 
study).  The  Hall  coefficient  was  measured  at  a  magnetic  field  1.3  Tesla  and  the  current  was  100mA. 
During  the  Hall  measurement,  the  temperature  was  stabilized  within  0.05K. 

1.  Ag  doped  8i-Sr-Ca-Cu-0  system 

We  made  eight  samples  of  nominal  composition  (Bi'j_j(Agj^)2Sr2CaCu20y  (x=0^.7).  Appropriate  amount 
of  Bi203,  Ag20,  SrC03,  CaC03  and  CuO  powders  were  mixed  and  heated  at  800  °C  for  12  hours  in  air.  The 
calcined  mixture  was  reground  and  pressed  into  pellets-  The  pellets  were  sintered  at  850  C  for  12 
hours  in  air,  then  the  furnace  was  cooled  to  room  temperature. 


A. 
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Fig.  1  Temperature  dependences  of  the 
resistivity  for  (Bi'j_j^Agj^)2Sr2CaCu20y 
system. 

The  temperature  dependences  of  the  resistivity  are 
shown  in  Fig.  1.  The  samples  of  x  =  0'v0.4  exhibit 
metallic  conductivity  and  superconductivity.  The  Tcq 
(offset)  are  58K  (x=0),  62K  (x=0.1),  55K  (x-0.2)  and  54K 
(x=0.3)  respectively.  In  the  samples  of  xiO.5,  the 
normal  state  resistivity  showed  thermal  activation  type 
semiconducting  properties  in  the  temperature  100K^300K. 
In  Fig.  2,  the  powder  X-ray  diffraction  patterns  are 
shown  for  the  samples  with  various  amount  of  Ag 
substitution,  x=0,  0.1,  0.2,  0.4  and  0,7  respectively. 
In  the  samples  x<0.4,  the  80K  phase  (noted  0  )  is 
dominant  and  their  estimated  lattice  parameters  show  no 
change.  It  is  probable  that  the  doped  Ag  does  not 
occupy  the  sites  of  Sr,  Ca  and  Cu,  since  the  diffraction 
pattern  of  the  80K  phase  is  not  changed  by  Ag  doping. 
The  Hall  coefficient  (R^)  and  the  resistivity  at  300K 
vs.  the  amount  of  the  Ag  substitution  x  is  shown  in  Fig. 
3,  With  increasing  x,  the  resistivity  also  increases 
nearly  exponentially.  On  the  other  hand,  change  is 
very  small  in  the  samples  that  show  superconductivity 
(x=0'^>0,4).  Although  it  is  not  clear  whether  the 
replacement  of  Bi  by  Ag  occurs  or  not,  both  the 
substitution  of  Ag"*"  for  Bi^'’"  and  Bi  deficiency  may  cause 
to  exhaust  excess  oxygen  in  Bi-0  layer  for  the  charge 
neutrality.  Thus  carrier  density  may  be  compensated. 


20  (deg)  Cu  Ka 


Fig.  2  Powder  X-ray  diffraction 
patterns  of  (Bi'|_j^Ag  )2Sr2CaCu20y 
system.  The  0  marked  peaks  are 
from  the  80K  phase.  Peaks  indicated 
by  the  arrow  is  from  Ag. 


Fig.  3  Hall  coefficient 
(marked  O  ) 
resistivity  (marked  ) 
vs.  the  amount  of  the 
substitution  of  Ag  (x)  at 
300K, 
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2,  Sb  doped  Bi, Pb-Sr-Ca-Cu-O  system 

The  samples  were  prepared  from  81*203,  PbO,  Sb203,  SrC03,  CaC03  and  CuO  powders.  These  were  mixed 
with  the  cation  ratio  of  Bi:Pb:Sb:Sr:Ca:Cu  =1.5:0, 4:0. 1:2;2:3  and  heated  820  for  12  hours  in  air, 
then  reground  and  pelletized[8].  The  samples  were  sintered  under  several  conditions  (Temp.  842  ®C 
'^>890°C,  sintered  12^566  hours,  air-quenched  or  cooled  slowly). 

In  Fig.  4,  the  temperature  dependences  of 


the  resistivity  are  shown.  In  the  sample  A 
(sintered  at  875 °C  for  20  hours  and  air- 
quenched[8]),  the  resistivity  is  higher  than 
that  of  the  other  samples  which  were  cooled 
in  the  furnace  after  sintering,  A  little 
drop  of  the  resistivity  appears  at  llOK  and 
Tcq  is  55K.  We  could  not  obtain  the  sample 
of  the  IlOK  phase  dominance  with  sintering 
temperature  above  870^.  The  samples  B  and  C 
(sintered  at  845 for  65  and  450  hours, 
respectively  and  cooled  in  the  furnace)  show 
metallic  conductivity  and  their  Tcq  are  102K 
and  108K,  respectively.  It  is  noted  that  the 
11  OK  phase  dominates  after  shorter  sintering 
time  by  Pb  and  Sb  doping,  in  comparison  with 
the  only  Pb  doped  sample  needed  about  200 
hours  with  sintering  temperature  at  845 X[6]. 


TEMPERATURE  (K) 

Fig.  4  Temperature  dependences  of  the 
resistivity  for  the  samples  of  various 
sintering  conditions,  (A: sintered  875^ 
/20h  and  air-quenched[ 7] ,  B:sintered 
845®C/65h,  C: sintered  845®C/450h,  sample 
B  and  C  were  cooled  in  furnace  after 
sintering. ) 


sample  C  and  the  sample  of  the  only  Pb  doped  IlOK  TEMPERATURE  (K) 

phase[8].  :80K  phase,  X  ^ if^ipurity  phase. 

Fig.  6  Temperature  dependences 
of  the' Hall  coefficient  of  the 
sample  C  (marked  ^  )  and  the 
sample  of  the  only  Pb  doped 
nOK  phase[8]  (marked  O  ) 
shown  in  Fig.  5. 
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In  Fig.  5,  the  powder  X-ray  diffraction  patterns  are  illustrated  for  the  samples  C  and  Pb  doped  llOK 
phase[6]  for  comparison.  In  the  sample  C,  though  a  small  amount  of  the  80K  phase  (marked  ^  )  and 
impurity  phase  (marked  X  )  detected,  almost  all  the  diffraction  peaks  are  coincident  with  those  of 
the  nOK  phase.  The  intensity  of  (0  0  2n)  peaks  are  stronger  and  sharp,  both  lattice  parameters  a  and 
c  are  about  0.4%  smaller  than  those  of  the  only  Pb  doped  sample.  The  structure  of  the  110K  phase  may 
be  more  stabilized  by  the  substitution  of  Pb  and  Sb.  The  temperature  dependence  of  the  Hall 
coefficient  (R|^)  for  the  sample  C  and  the  only  Pb  doped  sample  are  shown  in  Fig.  6.  In  both  samples, 
the  1/eRj^  is  proportional  to  temperature.  Such  a  behavior  is  observed  in  the  IlOK  phase.  The  value  of 
1/eR^  in  the  sample  C  is  a  little  smaller  than  that  of  the  only  Pb  doped  sample.  It  is  probably  due  to 
multiphase  in  the  sample  C. 

Summary 

In  Ag  doped  superconductive  phase  is  dominant  within  the  amount 
of  substitution  (x)  of  Ag  for  Bi  below  0.4.  The  structure  of  the  80K  phase  shows  no  change  by  Ag 
doping.  The  resistivity  increases  exponentially  with  increasing  x.  The  value  of  the  R^  does  not 
change  with  the  amount  of  the  substitution  of  Ag  (x)  in  the  samples  in  which  the  80K  phase  is  dominant. 

By  partial  substitution  of  Pb  and  Sb  for  Bi,  the  IlOK  phase  is  well  stabilized.  The  electrical 
transport  properties  are  not  so  different  from  those  of  the  only  Pb  doped  IlOK  phase.  Our  observed  Tcq 
is  at  most  108K. 
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Magnetic  properties  of  high-T  ,  superconducting  oxides  were  investigated  by 

ac-complex  magnetic  susceptibility.  The  magnetic  penetration  depth  A  (T) 

is  measured  for  various  superconducting  oxides  and  its  temperature 

dependence  is  satisfactorily  explained  by  using  BCS  gap  parameter  A  (T)  in 

the  case  of  dirty  limit.  Strong  correlation  between  and  [1/A]^  was 

found.  The  loss  peak  of  ac-susceptibility  in  the  bulk  sample  near  T  was 

c 

measured  as  a  function  of  field  amplitude  and  frequency  of  oscillating 
field.  Frequency  dependence  of  the  peak  temperature  was  explained  by  the 
flux-creep  model  of  Anderson  and  Kim,  and  the  activation  energy  of  flux  in 
YBCO  was  estimated  to  be  UQ--2.9eV. 

Study  of  Magnetic  response  in  high-T^  superconducting  oxides  under  ac  and  dc 
magnetic  fields  is  important  for  understanding  the  mechanism  of  superconductivity.  In 
the  present  study  we  investigated  the  magnetic 
response  by  ac-complex  magnetic  susceptibility 
;r  (  ov'  ,T)  =  ■  (  t;,  ,T)-j  ^  (  o-  ,T)  .  A  typical 

example  of  ac-complex  susceptibility  in  YBCO 
system  is  shown  in  Fig.l  for  both  sintered 
bulk  and  powdered  samples,  A  broad  peak  of 
X,  *'  and  the  second  step  increase  of 

diamagnetic  susceptibility  y  '  -he 

corresponding  temperature  for  the  bulk  sample 
are  attributed  to  the  Josephson  coupling  among 
grain  boundaries  [1].  No  such  anomaly  is 

found  in  the  powdered  sample  with  decoupled 
superconducting  grains.  In  the  present  work  a 
systematic  study  of  such  measurements  were 
done  for  the  superconducting  oxides  developed 
so  far,  cind  (1)  the  magnetic  penetration  depth 
A  (T)  and  (2)  the  magnetic  irreversibility  of 
bulk  sample  near  Tc  are  discussed  from  the  real  part  y  ‘  and  the  imaginary  part  " 
of  the  magnetic  susceptibility,  respectively. 

1. Magnetic  penetration  depth  A  (T) 

The  samples  used  in  the  present  experiments,  (La.  Sr  ) -CuO . ,  YBa^Cu-0  (ortho  I 

ixx2  4  2oy 

and  ortho H  ).  Bi ^Sr^CaCu^O^  and  ( Bi , Pb) ^Sr^Ca^Cu^O^^ ,  were  prepared  by  usual 
sintering  method.  For  ti.e  present  purpose  of  the  estimation  of  magnetic  penetration 
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Fig.l.  An  example  of  ac-complex 
magnetic  susceptibility  y  x  ' '^3  x  ' 
for  YBCO  system.  - 
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."jepth,  they  were  ground  and  screened  by  the  standard  raesh  to  make  a  uniform  grain 
•size.  It  was  checked  by  a  microscope  to  range  from  6  to  9/(m.  Then,  they  were  nixed 
with  highly  purified  alunina  of  67wt.%  so  as  to  decouple  the  superconducting  grains 
electrically.  AC-coraplex  magnetic  susceptibility  was  measured  by  using  Hartshorn  type 
of  mutual  inductance  bridge  operating  at  167Hz  and  two  phase  lock-in  amplifier. 

For  the  sample  composed  of  the  superconducting  spheres  with  radius  R,  the 
(iiamagnetic  susceptibility  in  the  Meissner  state  is  given  by  solving  London  equations 


as 

-4;r;r  •  =  (3/2)P(x)  (1)’ 

where  P (x) =1- ( 3/x) coth (x) +3/x^  (2) 

with  x=R/ A  ,  A  being  the  penetration  depth.  By  applying  the  equations  (1)  and  (2) 
to  the  obtained  value  of  '  at  each  temperature  and  using  the  observed  value  of 
radius  R  the  magnetic  penetration  depth  A  (T)  was  estimated.  An  example  of  the 
temperature  dependence  of  A  (T)/A  (0),  where  A  (0)  is  the  extrapolation  of  A  (T)  to 
T=0.  is  shown  as  a  function  of  (T/T^)^  in  Fig, 2  for  YBa2Cu20y  (ortho  [  phase).  In 
the  figure  the  experimental  data  are  given  by  dots  and  a  broken  line  Al(T)  shows  the 
theoretical  curve  in  the  dirty  limit  given  by  [2] . 

A  (T)/A  (0)  =  [(A  (T)/A  (0)  )  tanh(  A  (T)  /2kgT)  ]  (3) 


where  A  (T)  i.s  the  BCS  gap  parameter.  The 
rather  good.  Similar  results  were  obtained 
for  all  other  compounds.  In  the  figure  3  the 

superconducting  transition  temperature  is 

plotted  as  a  function  of  [1/A  (0)]  for 

typicf^l  compounds  whose  crystallography  were 

well  established  so  far.  It  is  noted  that 

T  has  strong  correlation  with 

c  2  *2*2 

[1/A  (0)]  n^e  /m  c  . 


with  the  experimental  results  is 


agreement 


Fig. 2.  Temperature  dependence  of 
magnetic  penetration  depth  A  (T) . 
A  broken  line  A^lT)  is  the 
theoretical  curve  given  in  the  text 


Fig. 3.  T^  vs.  (1/ A  (0) )^. 

A  strong  correlation  is  found. 
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2. Magnetic  irreversibility 

To  investigate  the  magnetization 

dynamics  of  sintered  bulk  sample  the 

ac~compiex  magnetic  susceptibility 

-  X  ' X  “  measured.  An  example  of 

X  '  .  X  '  ^  sintered  bulk  sample 

of  YBa.,(Cu.  Ni  )-0  with  x=0.060  is  shown 
2'  1-x  x^3  y 

in  Fig. 4,  The  measuring  frequency  is  167Hz 
and  the  amplitude  of  oscillating  field  h^ 


is  varied 

from  0.02  to 

4  Oe. 

When 

the 

amplitude  is 

increased , 

the  peak 

of 

"  is 

shifted  to 

lower  temperatures 

and 

the 

width  is 

broadened . 

At  the 

peak 

temperature 

(T  )  of 

the  real 

part 

of 

the  susceptibility  x  ' 

shows  the 

second- 

step  increase  as  shown  in  the  figure. 

The  temperature  T^  is  reduced  by  T^ 

as  1-T  /T  and  plotted  as  a  function  of 
2/3  ^  ^ 

hiQ  for  the  various  samples  in  Fig. 5.  A 

good  linear  relation  was  obtained  for  each 

samples.  One  of  the  idea  to  explain  the 

linear  relation  is  the  flux-creep  model  of 

Anderson  and  Kim  [3]  based  on  the  G-L 

theory.  According  to  the  model  the 

relation  near  T  is  given  as 
c 

l-t=p[kT^Bln(fQ/f)]^^^  (4), 

where  t=T  /T  ,  p  the  experimentally 
p  c 

determined  factor,  f,  f^  being  the 
measuring  and  characteristic  frequency  for 
the  flux  trapped  well,  respectively.  In 
the  model,  the  peak  of  x  '*  dominated 

near  the  onset  point  of  irreversible 
behavior  in  the  magnetization,  where  the 
vortex  lines  are  thermally  activating  very 
rapidly  across  the  pinning  barriers  and 
the  critical  current  drops  rapidly.  For 
the  small  value  of  p  in  eq. (4)  large 
critical  current  is  expected.  For 
instance,  the  results  in  two  samples 
(Bi , Pb) ^Sr^Ca^Cu^O^  and  Au-composited 
(Bi , Pb) 2Sr2Ca2Cu^O^  with  the  bulk  critical 
current  J^=500  and  llOOA/cm^ 
respectively,  are  compared  in  Fig. 6  [4]. 
The  line  for  Au--composited  sample  with 

large  J  shows  a  slow  increase  with 

^  2/3  ^ 

and  the  large  value  of  h^'  for  the  same 

temperature  (1-t)  compared  to  the  pure 


Fig. 4.  A  Typical  example  of  the 
ac~complex  susceptibility  for 
the  bulk  sample. 


YBCO  and  BSCCO  system. 


Au“Composited  and  pure 
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r  s.  :vi  p  j.  . 

Fron  the  relation  (4;  it  is  expected 

that  the  loss  p«5ak  iS  shifted  to  higher- 

tenperature  with  increasing  the  neasuring 

frequency.  The  results  in  YBCO  is  shown 

in  The  relation  between  the 

ir.easuring  frequency  f  and  the  peak 

tenperatufe  T  is  given  by  the  theory  of 
P 

Andersen  and  Kin  [3]  as 

f=fQexp[-UQ/kTp]  (5) , 

where  is  the  activation  energy  of  the 

flux.  An  example  of  the  experimental 
results,  .  f,  is  shown  in  Fig. 8  for 

YBCO  sample.  From  the  tangent  the 
activation  energy  is  estimated  to  be 
2.94eV, 
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Fig. 7.  Ac-complex  susceptibility 
YBCO  as  a  parameter  of  measuring 
frequency.  When  the  frequency  is 
increased,  the  loss  peak  is 
shifted  to  higher  temperature. 


Fig. 8.  The  inverse  temperature 
of  loss  peak  as  function  of 
measuring  frequency. 
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Anomalous  Behaviors  of  Resistive  Transition  in  High  T^-Phase 
Bi-Pb-Sr-Ca~Cu-0  Thin  films  in  Magnetic  field 

S.  Mase,  T.  Fukami,  Y.  Horie  and  A.  A.  A.  Youssef 


Department  of  Physics,  Kyushu  University,  Fukuoka  812,  Japan 


Almost  purely  single  phase  and  c-axis-oriented  (Bi-  .  Pb  ) -Sr^Ca^Cu.O- . 
films  were  prepared  with  the  excimer  laser  evaporation  method.  The 
resistive  transition  behaviors  of  this  substance  in  high  magnetic  fields 
were  investigated.  The  coherence  length  was  derived  from  the  p(T,H)  versus 
T  curves  above  and  below  T^ .  The  anomalous  p(T,H)  versus  H  curves  below 
T^  were  analyzed  with  a  proposed  empirical  formula.  A  discussion  is  made 
of  the  anomalous  behaviors  in  resistive  transition  in  magnetic  field. 

1 .  Introduction 

It  is  known  that  the  resistive  transition  width  in  high  T^  superconductors  \inder 
magnetic  field  is  quite  broad  as  compared  with  that  in  ordinary  type  II  superconduc¬ 
tors.  The  resistivity  pattern  is  different  from  that  of  the  so-called  flux  flow 
resistivity.  These  anomalous  behaviors  have  been  interpreted  by  Tinkham  in  terms  of 
phase  slippage  [1 ]  and  by  Ikeda  et  al .  [2]  in  terms  of  one-dimensional  fluctuation 
theory.  The  theories  are  too  complicated  to  be  easily  digestible,  but  it  seems  that 
the  applicability  of  the  theories  is  still  limited  to  some  conditions.  For  example, 
for  the  latter  the  temperature  range  may  be  limited  to  a  narrow  range  below  T^. 

Since  we  could  prepare  almost  single  phase  and  c-axis  oriented  (Bi^^  ^Pb^)2Sr2Ca2 
^^3^1 0+y  thin  films  with  the  excimer  laser  evaporation  method,  we  have 

investigated  the  behaviors  of  the  resistive  transition  under  rather  high  fields.  As 
in  the  case  of  low  T^  phase  Bi2Sr2CaCu20Q^y ,  high  T^  phase  BPSCCO  shows  much  broader 
resistive  transition  than  the  case  of  YBa2Cu20^.  A  detailed  study  of  these  properties 
will  be  valuable  to  investigate  the  mechanism  of  high  T^  superconducting  transition. 

2.  Anomalous  Behaviors  of  Resistive  Transition  in  Magnetic  Field 
2.1  Coherence  lengths  from  p(T,H)  vs.  T  curves  above  and  below  T^ 

In  Fig.  1  we  show  the  experimental  results  of  the  electrical  resistivity  p(T,H) 
versus  T  curve  as  a  parameter  of  magnetic  field  H  [3).  The  notation  of  the  crystal 
axes  follows  the  conventional  one.  Remarkable  characteristics  in  the  p(T)  curve  of 
oxide  superconductors  are  the  linear  relationship  in  p(T)  versus  T  curve  and  the 
succeeding  rounding  out  in  the  curve  near  T^.  Some  people  considered  that  all  of  the 
rounding  out  in  the  p(T,H=0)  versus  T  curve  should  be  ascribed  to  the  fluctuation 
effect.  However,  if  this  rounding  out  is  all  due  to  the  fluctuation  effect,  this  must 
be  affected  by  applying  magnetic  fields.  We  investigated  this  problem  intensively 
under  magnetic  fields  up  to  H  =  10  T.  In  Fig.  1  it  is  to  be  noted  about  the 
followings.  First,  the  bundle  of  p(T,H)  curves  is  appreciably  separated  from  about  T 
120  K  in  both  figures  (a)  and  (b).  Secondly,  there  is  no  appreciable  drastic  change 


159 


Fig.  1.  Experimental  data  on  p {T,H) /p^(Tq )  versus  T  in  BPSCCO  [3]: 

(a)  S  //  c-axis,  1  //  ab-plane  (SlI);  (b)  ti±c-axis,  t  //  ata-plane  (ft  ±  t )  . 

H  in  each  curve  is  taken  at  10,  8,  6.5,  5,  3,  2,  1,  0.5,  0.3,  0.1  and  0  T 
from  left  to  right. 

of  curvature  in  the  p(T,H)  versus  T  in  the  neighborhood  of  ( 0 )  deduced  from  the  p(T) 
versus  T  curve  at  H  =  0.  The  transition  width  is  quite  broad. 

(a)  Fluctuation  conductivity 

According  to  classic  theories  of  fluctuation  conductivity  in  the  absence  of 
magnetic  field,  the  fluctuation  contribution  to  the  conductivity  in  a  2>dimensional 
system,  o'(T)^^^,  consists  of  two  terms,  the  Aslamazov-Larkin  term 
Maki -Thompson  term  In  the  presence  of  magnetic  field  these  are 

suppressed.  Recently  some  sophisticated  theories  were  presented,  but  as  far  as  the 
temperature  region  above  T^  is  concerned,  probably  classic  theories  given  by  Maki  and 
Aoi  may  be  enough  in  the  object  of  derivation  of  the  coherence  length.  We  based  our 
analyses  on  the  above  well  known  classic  theories. 

Differently  from  some  of  previous  papers,  we  consider  that  the  real  fluctuation 
effect  becomes  appreciable  from  a  temperature  T'  ('v  120  K)  below  which  the  bundle  of 
p(T,H)  curves  is  separated  appreciably  with  increasing  H.  We  define  a  fluctuation 
contribution  to  the  conductivity,  Aa'(T,H),  purely  experimentally: 

Aa’ (t,h)/Oj^(Tq/  =  [a{T,0)  -  a(T,H)  ] /a^(TQ ) 

=  Pn(To)[1/p(T,0)  -  1/p(T,H)].  d ) 

Here,  Tq  is  a  reference  temperature  above  which  the  fluctuation  effect  is  certainly 
negligibly  small.  The  relation  o(T,H)  =  1/p(T,H)  is  well  satisfied  in  HTSC  with  a 
much  smaller  antisymmetric  part  of  conductivity  than  the  symmetric  part.  It  is  to  be 
noted  that  in  this  formula  we  did  not  use  any  linear  extrapolation  procedure  to  derive 
the  normal  part  of  the  conductivity,  which  becomes  rather  ambiguous  in  the  case 

of  strongly  rounding  curve  of  p(T)  versus  T. 

We  describe  only  the  results  of  the  analyses  on  BPSCCO.  All  of  the  present 
analyses  show  that  the  dependence  of  Ao ' (T , H ) /o^ (T^ )  on  e  (=  (T  -  T^)/T^)  is  much 
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nearer  to  that  of  the  2-dimensional  system.  From  the  fitting  of  curves  we  obtained 
the  best  fitting  values  of  and  the  coherence  lengths  at  T  =  0  for  S 

//  c-axis  and  for  ft  1  c-axis).  These  are  shown  in  Table  I,  together  with  the 

results  for  YBCO  by  us  [4]  and  by  Matsuda  et  al.  [5]  in  comparison.  These  results  are 
compared  with  those  from  (dH^2<T)/dT)  at  T  <  T^  mentioned  below.  The  very  short 
coherence  lengths  Ci}^(0)'s  are  common  properties  of  high  T^  superconductors. 

Table  I.  T^{H=0)  and  derived  from  the  comparison  between  experiments 

on  the  fluctuation  contribution  to  a(T,H)  above  T^  and  theory,  together  with 
Cij^(0)'s  obtained  from  The  quantities  in  the  first  line  were  derived 

from  the  measurements  of  those  in  the  second  line  denoted  as  From.  The 
values  of  the  pair  breaking  parameter,  6  =  0,037  (BPSCCO)  and  6  =  0.022 
(YBCO),  are  taken  in  the  calculation  of  Aa'(T,H). 


From 

T^(H=0)  (K) 
Ao' 

(A) 

Ao’ 

CaiO)  (A) 

Ao' 

Cai0>  'A) 

»c2<'^>// 

5ai0)  (A) 

BPSCCO[ 3  1 

107 

11.3 

6.0 

%  11 

'v  5.4 

YBCO [ 4  ] 

89.5 

12.5 

— 

12.1 

6.8 

YBCO [ 5 ] 

85.5 

11.5 

4.2  : 

— 

t  “dH^2tT)/dT  at  T  <  T^  was  derived  from  the  point  of  'x.  Pioo% 

BPSCCO[3]  and  that  of  %  P80%  YBCO[5]  in  p(T,H)  versus  T  curve. 

(b)  H^2tT)  versus  T 

The  upper  critical  field  H^2^T)  is  defined  as  the  field  at  which  the  fluxoids 
begin  to  overlap.  This  is  given  by  the  formula 

Hj,2(T)  =  4>Q/2nC(T)^  =  (<l)Q/2  7re(0)^)  .E.  (2) 

As  seen  from  Fig.  1,  the  phase  transition  point  can  not  be  definitely  defined  from 
p(T,H)  versus  T  curves,  in  particular  in  the  case  of  ft  //  c-axis.  Nevertheless,  as 
will  be  found  from  a  later  exhibited  figure  of  p(T,H)  versus  H  curves  at  several  T  as 
<  ( 0 ) ,  the  nature  of  a  partial  destruction  of  superconducting  state  is  largely 

involved  in  the  data  in  the  region  of  T  T^(0).  Therefore,  instead  of  fixing  the 
threshold  level  of  p(T,H)  as  in  the  conventional  manner  of  p5Q%/  we  evaluated  H^2^T) 
from  several  threshold  levels.  The  results  are  shown  in  Fig.  2.  From  this  figure  the 
slope  -dH^2^T)/dT  is  also  evaluated;  since  the  intersection  of  the  p(T,H)  versus  T 
curve  and  the  threshold  level  p^^  exceeds  the  value  of  T^(0)  in  the  case  of  low  field 
and  high  x  %,  only  the  slope  of  H^2(T)  versus  T  has  a  physical  meaning  in  such  a  case. 

The  calculated  value  of  from  each  threshold  level  is  shown  in  Fig.  3. 

From  the  figure  one  can  see  that  decreases  rapidly  with  increasing  x  %  above 

80%,  while  decreases  very  slowly  and  almost  saturates  above  80%.  The  value  of 

^k^Q)  from  %  p-^QQ^  is  nearly  in  agreement  with  that  from  the  analysis  of  the 
fluctuation  conductivity  above  T^.  It  is  to  be  noted  that  an  approximate  agreement  of 
^^j^(0)’s  from  two  different  temperature  regions  can  be  obtained  only  in  the  case  of  a 
large  magnitude  of  x  in  p^^ . 
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T(K) 


Fig.  2.  versus  T  in  the  cases 

of  S  //  c-axis  (broken  lines)  and 
fi  -L  c-  axis  (solid  lines)  [3]. 


2.2  Anomalous  p(T,H)  versus  H  below  ^ 

In  the  so-called  flux  flow  state  in  the  case  of  -L  t ,  the  flux  flow  resistivity 
p.  is  defined  as  dV(T,H,I)/dI  in  the  linear  region  of  the  voltage  V(T,H,I)  versus  the 
current  I  curve.  Let  us  rewrite  the  experimental  results  of  p(T,H)  versus  T  curves  in 
the  region  of  T  <  in  Fig.  1  into  p(T,H)  versus  H  curves,  as  shown  in  Fig.  4. 

(Here,  the  normal  rListivity  p^(T,H=0)  is  defined  as  an  extrapolation  of  the  curve  of 
the  region  from  T  -v  Tg  (-v  150  K)  to  T  'v-  T'(^  120  K)).  As  seen  from  the  figure  thus 
obtained,  the  curves  near  T  S  are  far  from  the  ordinary  pattern  of  the  flux  flow 
resistivity.  Main  characteristics  of  p(T,H)  versus  T  and  p(T,H)  versus  H  are  as 
follows: 

(i)  One  remarkable  characteristic  is  the  angular  dependence  of  p(T,H)  versus  T  curve 
at  T  <  T  .  Namely,  the  pattern  of  p(T,H)  versus  T  curves  in  the  case  of  //  t  is 
nearly  the  same  as  the  case  of  S  X  t,  as  shown  in  Fig.  5.  The  pattern  is  essentially 
the  same  as  in  the  case  of  low  T^  phase  Bi-system  (6].  The  Lorentz  force  must  not 
appear  in  the  former  case  so  that  the  mechanism  of  the  flux  flow  resistivity  is  not 
applicable  to  this  case.  Thus,  the  experimental  result  suggests  us  a  necessity  of  a 
different  mechanism  of  resistivity  under  ti  at  T  <  T^  from  that  of  the  flux  flow 
resistivity. 

(ii)  V(T,H,I)  versus  I  curves  in  the  present  oxide  superconductors  show  the  ohmic 

nature,  except  for  the  region  of  very  small  p(T,H).  There  is  no  remarkable  sign  to 
show  where  the  phase  transition  occurs  in  the  p(T,H)  versus  T  curves.  When  we  want  to 
derive  the  versus  T,  we  should  focus  our  attention  on  the  upper  nonlinear 

region  in  V(T,H,I)  versus  I  curve  in  the  case  of  usual  type  II  superconductors. 
However,  in  the  high  T^  superconductors  there  does  not  exist  such  nonlinear  region. 
Namely,  the  linear  regLn  of  the  so-called  flux  flow  type  resistivity  region  invades 
the  upper  nonlinear  region  to  be  ascribed  to  a  true  thermal  destruction  of 
superconductivity. 
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viii)  As  seen  from  (T,H) / p^(T)  versus  H  at  T  <  in  Fig.  4,  though  the  definition 
of  p^(T,H)  in  the  figure  is  different  from  that  of  the  flux  flow  resistivity  p^,  the 
curves  in  a  low  temperature  region  are  rather  similar  to  the  flux  flow  pattern,  but 
those  above  about  80  K  are  far  from  it.  The  latter  reminds  us  the  pattern  observed  in 
the  midway  in  change  from  the  typical  flux  flow  resistivity  pattern  to  the  complete 
normal  state  resistivity  in  ordinary  type  II  superconductors.  The  phase  transition 
point  is  not  definitely  defined  from  the  original  p(T,H)  versus  T  curves,  but  it  must 
exist  in  a  limiting  case  at  higher  temperatures  in  the  extremely  nonlinear  region  of 
p^ (T,H ) / p^(T)  against  H  in  Fig.  4. 


Fig.  4.  p^ (T ,H ) /p^ ( T )  versus  H  at 
T  <  T^  in  the  case  of  5  //  c- 
axis,  i  //  ab-plane  <3  ±.  t) , 


The  curves  are  arranged  by  every 
temperature  interval  of  5  K  from 
105  K  (left)  to  55  K  (right). 


ab-plane)  and  S  //  f  (ft  ±  c~axis,  t  // 
ab-plane ) . 


2.3  Flux  Creep 

In  a  low  resistivity  region,  the  character  of  the  resistivity  under  the  presence 
of  magnetic  field  may  change  from  the  flux  flow  type  to  the  flux  creep  one  in  the  case 
of  H  _L  i.  As  in  the  case  of  the  problem  of  the  flux  flow  resistivity  we  have  rather 
similar  p(T,H)  versus  T  curves  in  a  low  resistivity  region  in  both  cases  of  ft  J_  1  (ft, 

1  //  ab-plane)  and  ft  //  t  (ft,  1  //  ab-plane).  Let  us  express  the  resistivity  due  to 
the  flux  creep  as 


Per  ^  exp[ -U(T,H) /kgT]  .  (3) 

It  is  found  from  Fig.  6  that  U(T,H)  is  expressed  as 

U(T,H)  a:  (1  _  t)/H^  (t  =  T/T^;  1  >  n  >  0).  (4) 

The  term  (1  -  t)  is  certainly  required  to  get  a  linear  relationship  in  the  plotting  of 
In  p(T,H)  versus  (1-  t)/T,  as  in  the  case  of  lov/  T^-phase  Bi-system  [6].  As  for  the 
value  of  n,  it  depends  on  the  orientations  of  ft  (ft  //  c-axis  or  ft  X  c-axis)  and  also 
on  the  magnetic  field  region  in  a  complicated  manner. 

The  temperature  and  field  dependences  of  U(T,H)  is  still  in  controversy.  In 
particular,  for  YBa^Cu^O^  some  papers  suggest  that  U(T,H)  is  independent  of  T  [7,8]. 
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Fig.  6.  In  (p(T,H))  versus  (1  -  t)/T  in  the  cases  of  S  //  c-axis  (a)  and 
H  X  c-axis  (b) . 

however,  any  data  show  that  U(T,n)  decrease  as  T  approaches  toward  the  region  of  the 
above-mentioned  so-called  flux  flow  resistivity  region. 

3.  Analyses  and  Discussions 

3.1  H  p(T)  versus  T  and  T^vH) 

The  derived  value  of  -dH^2  < ^ of  it  //  c-axis  is  much  larger  than 
that  from  the  conventional  criterion.  Nevertheless,  the  versus  T  curve  in 

Fig.  2  shows  that  even  for  the  pgg^  criterion  the  T^(H)  at  H  =  1 0  T  should  be 
suppressed  by  about  7  K  relatively  to  T^(0).  It  seems  that  the  7  K  suppression  is 
still  too  large,  as  one  can  guess  from  the  following  results.  According  to  the 
specific  heat  measurements  [9-11]  and  the  sound  velocity  measurements  [12,13],  the 
shift  of  T  (0)  due  to  applying  H  is  quite  small.  For  example,  in  the  sound  velocity 
measurements  the  shifts  of  derived  from  the  shift  of  the  jump  position,  i.e. 

AT  :h),  in  the  sound  velocity  versus  T  curve  is  S  0.9  K  for  both  YBa2Cu30.7  and 
(La,  xSrx)2Cu04  polycrystals  under  H  =  10  T  [13].  Because  of  this  insensitivity  of 
the  value  to  the  magnetic  field,  it  is  quite  natural  that  the  agreement  of  the 

values  of  C(0)'s  from  p(T,H)  above  and  from  p(T,H)  below  can  be  obtained  for 
only  -dn^2  ®  large  x  in  p^^ . 

3.2  Analysis  of  p(T,H)  below 

In  order  to  explain  systematically  the  peculiar  features  of  p(T,H)  versus  T  and 
p(T,H)  versus  H  below  T^,  we  consider  that  the  resistivity  mechanism  below  T^  is 
different  from  the  flux  flow  resistivity  type.  Namely,  the  resistivity  in  the  mixed 
state  under  high  magnetic  fields  and  near  appears  when  the  applied  current  passes 
through  many  walls  in  the  normal  state.  We  assume  the  following  empirical  formula; 

Pj{T,H) /Pj^(T)  =  1  -  exp[-  {(H  - 

★ 

The  second  term  stands  for  a  local  percolation  rate  of  supercurrent.  The  H^2  ^ 

quantity  similar  to  H^2('^>  subsection  2.1  but  not  necessarily  equal  to  it.  Hg 

is  a  field  above  which  p(T,H)  becomes  appreciable  in  Fig.  1,  and  n  is  a  number  as  nS 
1.  The  H  is  higher,  then  the  effective  volume  of  the  fluxoids  in  the  normal  state  is 
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larger.  Furthermore,  the  temperature  exceeds  the  flux  creep  region  described  in  the 

subsection  2.3,  the  effective  volume  of  the  fluxoids  may  become  much  larger,  in 

particular  in  the  case  of  if  //  c-axis,  because  of  a  smaller  flux  potential  barrier. 

These  temperature  and  field  dependences  of  the  effective  volume  of  the  normal  part  may 

★ 

be  taken  into  account  by  choosing  a  smaller  than  smaller  n  than  1. 

The  numerical  results  of  eq.  (5)  by  making  use  of  suitable  values  of  and 

n  were  already  shown  in  Fig,  4  in  comparison  with  the  experiments.  The  experimental 
results  are  well  reproduced  by  eq.(5).  According  to  eq.  (5),  the  (T,H) / p^(T)  versus 
T  curve  depends  only  the  field  orientation,  i.e.,  on  H/H^2  so  that  this  formula 

can  explain  naturally  the  result  of  the  similarity  in  both  cases  of  if  x  ?  (if,  f  //  ab- 
plane)  and  if//?  (if,  til  ab-plane). 

The  present  analysis  is  completely  phenomenological.  If  the  microscopic  theories 
mentioned  before  [1,2]  are  extended  in  their  applicability  range,  of  course,  the 
present  explanation  must  retire. 

4 .  Summary 

We  have  shown  that  the  coherence  length  derived  from  the  fluctuation  conductivity 
above  T^  is  approximately  equal  to  that  from  -dH^2^T)  /dT  just  below  T^  only  the  case 
of  a  large  magnitude  of  x  in  p^^ .  In  the  derivation  of  versus  T  curves  we  have 

relied  on  an  inference  that  T^  is  only  slightly  affected  by  the  presence  of  magnetic 
field  even  at  H  =  10  T.  Some  experimental  evidences  for  this  inference  were  presented 
in  the  text. 

In  order  to  explain  the  anomalous  behaviors  in  p(T,H)  versus  T  and  p(T,H) 
versus  H,  we  proposed  a  new  mechanism  of  resistive  transition  at  T^{H)  which  is 
largely  different  from  that  in  the  ordinary  type  II  superconductors.  The  proposed 
empirical  formula  for  the  resistivity  below  T^  is  a  natural  manifestation  of  the 
proposed  mechanism  of  the  resistive  transition,  so  that  the  fact  that  the  formula  can 
well  reproduce  the  experimental  data  is  a  strong  support  to  the  proposal. 

Acknowledgement 

This  work  is  supported  by  a  Grant-in-Aid  for  Scientific  Research  on  Priority 
Areas  "Mechanism  of  Superconductivity"  from  the  Ministry  of  Education,  Science  and 
Culture . 

References 

[1]  M.  Tinkham:  Phys.  Rev.  Lett.  6^  (1988)  1658. 

[2]  R,  Ikeda,  T.  Ohmi  and  T,  Tsuneto:  J.  Phys.  Soc.  18  (1989)  1377;  R.  'Ikeda; 

J.  Phys.  Soc.  Jpn.  18  (1989)  1906. 

[3]  A.  A.  A.  Youssef,  Y.  Horie  and  S.  Mase:  to  be  published  in  Solid  State  Commun; 

A.  A.  A.  Youssef,  T.  Fukami  and  S.  Mase:  submitted  to  Solid  State  Commun. 

[4]  B.  Zhao,  K.  Shiraki,  Y.  Horie,  S.  Mase,  L.  Li,  Z.  Y.  Zhang,  Y.  Y.  Zhao  and  L.  F. 
Chen:  to  be  submitted  to  Physica  C. 

[5]  Y.  Matsuda,  T.  Hirai,  S.  Kojima,  T.  Terashima,  Y.  Bando,  K.  lijima,  K.  Yamamoto 
and  K.  Hirata:  Phys,  Rev.  B  40  (1989)  5176. 

[6]  T.  Fukami,  T.  Kamura,  T.  Yamamoto  and  S.  Mase:  Physica  C  160,  (1989)  391. 

[7]  T.  T.  M.  Palstra,  B.  Batlogg,  L.  F,  Schneemeyer  and  J.  V.  Waszczak:  Phys.  Rev. 

Lett.  61  (1988)  1662. 


165 


[81  T.  Kobyashi,  H.  Iwasaki,  H.  Kawabe,  K.  Watanabe,  H.  Yamane,  H.  Kurosawa,  H. 
Masumoto,  T.  Hirai  and  Y.  Muto:  Physica  Ci5.9  (1989  )  295. 

[9]  R.  A.  Fisher,  J.  E.  Gordon,  S.  Kim,  N.  E.  Phillips  and  A.  M.  Stacy:  Physica  C  151 

(1988)  1092. 

[10]  S.  E.  Inderhees,  M.  B.  Salamon,  N.  Goldenfeld,  J.  P.  Rice,  B.  G.  Pazol,  D.  M. 
Ginzberg,  J.  Z.  Liu  and  G.  W.  Crabtree:  Phys.  Rev.  Lett.  M  (1988)  1178. 

[11]  M.  B.  Salamon,  S.  E.  Inderhees,  J.  P.  Rice,  B.  G.  Pazol,  D.  M.  Ginzberg  and  N. 
Goldenfeld:  Phys.  Rev.  B  38  (1988)  885. 

[12]  Y.  Horie,  and  S.  Mase:  Solid  State  Commun.  6^9  (1  989)  535. 

[13]  Y.  Horie,  Y.  Terashi ,  T.  Fultami  and  S.  Mase:  to  be  published  in  Physica  C. 


166 


Superconductivity  and  Magnetisn  of  RBaaCua-xMxOy  (R=La,  Nd  and  Er;  M=Ni  and  Zn) 


Kazuko  Sekizawa  and  Yoshiki  Takano 


Department  of  Physics,  College  of  Science  and  Technology,  Nihon  University, 
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The  effects  of  Ni  and  Zn  substitutions  for  Cu  on  the  superconducting  transition  tempera¬ 
ture  Tc  have  been  investigated  on  LaBazCuaOy.  The  sample  of  LaBazCuaOy  with  Tc  of  90  K 
was  obtained  by  a  particular  process  of  heating  and  cooling  in  flowing  nitrogen  and  the 
final  annealing  at  310  "C  in  flowing  oxygen.  The  decrease  rate  of  Tc  with  x  in 
LaBazCua-xMxOy  (M=Ni  and  Zn)  was  reduced  by  the  prolongation  of  the  final  annealing  (40h 
->  80h),  while  Tc  of  pure  LaBazCuaOy  was  not  affected  by  the  prolonged  final  annealing. 
This  reduced  decrease  rate  of  Tc  in  La  compounds  was  still  twice  as  large  as  that  in  heavy 
rare  earth  compounds.  The  analysis  of  oxygen  content  showed  that  this  improvement  of 
superconductivity  in  substituted  samples  was  not  due  to  the  increase  in  oxygen  content  but 
due  to  the  progress  of  oxygen  ordering.  The  magnetization  in  the  presence  of  the  crystal 
electric  field  (CEF)  splitting  and  the  applied  field  was  calculated  for  NdBazCuaOy  and 
ErBazCuaOy.  A  large  apparent  paramagnetic  Curie  temperature  is  introduced  by  the  CEF 
effects  in  NdBazCuaOy. 


1.  Introduction 

In  RBazCuaOy  compounds  with  magnetic  rare  earth  (R)  ions,  information  about  the  electronic  struc¬ 
ture  of  [Cu-0]  layer  can  be  obtained  by  investigating  the  crystal  electric  field  (CEF)  splitting  of 
R  ion  and  the  interaction  between  R  ions.  We  have  previously  studied  the  effects  of  Ni  and  Zn  sub¬ 
stitutions  for  RBazCuaOy  (R=Y,  Nd,  Gd,  Dy  and  Er)  on  the  superconducting  transition  temperature  Tc 
and  paramagnetic  properties  of  R  ions  above  Tc.^»^l 

In  the  course  of  our  study  on  RBazCuaOy  superconductors,  we  have  noticed  the  following  two 
results.  One  is  the  fact  that  the  effects  of  Cu  site  substitution  in  Nd  compound  are  larger  than 
those  in  Y  and  heavy  rare  earth  compounds.  The  other  is  the  fact  that  the  paramagnetic  Curie  tem¬ 
perature  0  p  of  NdBazCuaOy  takes  a  large  negative  value  in  spite  of  its  relatively  small  de  Gennes 
factor.  In  order  to  investigate  whether  the  former  result  is  originated  in  the  effect  of  the  ionic 
radius  of  R  ion,  we  have  prepared  Ni  and  Zn  substituted  LaBazCua-xMxOy ,  which  contains  nonmagnetic 
La  ion  with  a  large  ionic  radius,  and  studied  the  substitution  effects  on  the  superconducting  tran¬ 
sition  temperature  Tc .  In  order  to  clarify  the  origin  of  large  Op,  we  have  calculated  the  mag¬ 
netization  of  NdBazCuaOy  and  ErBazCuaOy  using  a  Hamiltonian  which  includes  the  crystal  field  term 
and  Zeeman  term. 

2.  Substitution  and  Annealing  Effects  of  LaBazCua-xMxOy  (M=Ni  and  Zn) 

An  orthorhombic  LaBazCuaOy  with  Tc  of  90  K  is  difficult  to  be  obtained.  A  tetragonal  LaBazCuaOy 
with  Tc  of  ^  60  K  is  obtained  by  ordinary  annealing  in  oxygen  atmosphere.  We  have  succeeded  to  ob¬ 
tain  LaBazCuaOy  with  Tc  of  90  K  using  a  following  procedure.  Powders  with  stoichiometric  ratio 
were  thoroughly  mixed  and  calcined  at  930  •C  for  20  hours  in  air.  Then,  they  were  pressed  into  bars 
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and  sintered  at  930  'C  for  20  hours  in  air.  The  sintered  bars  were  reground  and  pressed  into  bars 
again,  and  sintered  and  annealed  under  the  condition  in  Fig.  1.  A  gas  flow  rate  of  nitrogen  and 
oxygen  was  140  »l/«in.  In  the  first  series,  a  final  annealing  time  T.  at  310  ‘C  was  40  hours.  Same 
process  was  performed  for  all  samples.  The  change  of  Tc  with  x  is  shown  in  Fig.  2  (a). 

in  substituted  samples.  Tc  raises  as  T.  is  prolonged.  However,  in  pure  LaBazCuaOy.  even  if  Ta  is 
prolonged.  Tc  scarcely  change.  The  change  of  Tc  of  the  samples  with  T.  of  80  hours  is  shown  in  Fig. 
2  (b).  Lattice  parameters  for  all  samples  are  shown  in  Table  1.  The  Ta  dependence  of  the  lattice 
parameter  ratio  b/a  (orthorhombicity)  is  shown  in  Fig.  3.  While  this  ratio  decreases  with  T.  in 
pure  LaBaaCuaOy.  it  increases  with  Ta  in  substituted  samples,  indicating  the  improvement  of  oxygen 
ordering.  Oxygen  content  of  pure  and  Zn  substituted  samples  determined  by  the  inert  gas  fusion  non- 
dispersive  infrared  absorption  method  is  shown  in  Table  2.  This  indicates  that  a  long  time  anneal¬ 
ing  improves  the  oxygen  ordering  in  Zn  substituted  samples,  while  the  prolonged  annealing  increases 
the  oxygen  content  but  deteriorates  the  oxygen  ordering  in  pure  LaBaECuaOy. 


Fig. 


Time  (h) 

1  Synthetic  procedure  for  LaBazCuaOy  with  Tc 
of  ~  90  K. 
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Fig.  2  The  temperature  dependence  of  Tc  on  the  substituent  concentration  x  for  (a)  samples  annealed 
for  40  hours  and  (b)  samples  annealed  for  80  hours. 
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Table  I  Lattice  parameters  for  all  the  samples 
investigated  in  this  study. 


N 

T«(h) 

X 

a(A) 

b(A) 

C(A) 

Ni 

40 

0.0 

3.890 

3.934 

11.82 

0.05 

3.888 

3.929 

11.81 

0.1 

3.894 

3.929 

11.80 

80 

0.0 

3.887 

3.927 

11.80 

0.05 

3.885 

3.929 

11.81 

0.1 

3.886 

3.928 

11.81 

Zn 

40 

0.0 

3.890 

3.934 

11.82 

0.05 

3.888 

3.926 

11.81 

0.1 

3.895 

3.929 

11.81 

80 

0.0 

3.887 

3.927 

11.80 

0.05 

3.887 

3.927 

11.80 

0.1 

3.897 

3.937 

11.83 

Table  2  Oxygen  content  of  LaBaaCuaOy 
and  LaBa2Cu2 . 9Zno . lOy 


T.(h) 

LaBazCuaOy 

LaBazCuz .  9Zno. lOy 

40 

6.80 

6.78 

80 

6.91 

6.79 

Time  (h) 

Fig.  3  The  annealing  tine  dependence  of 
the  lattice  parameter  ratio  b/a. 


3.  Magnetization  of  NdBaaCuaOy  and  ErBazCuaOy 

The  high  temperature  part  of  magnetic  susceptibility  x  can  be  fitted  to  the  Curie-Weiss  formula 
in  both  NdBazCuaOy  and  ErBazCuaOy.  The  effective  magnetic  moment  derived  from  the  Curie  constant 
was  in  good  agreement  with  the  trivalent  free  ion  value.  The  paramagnetic  Curie  temperature  B  p  of 
Er  compound  was  small,  but  that  of  Nd  compound  was  large  and  negative  K).  Recently,  many  re¬ 

searchers  reported  the  results  which  indicated  the  importance  of  the  crystal  electric  field  (CEF) 
effects;  the  reduced  magnetic  moment  from  the  free  ion  value  in  an  anti ferromagnetic  state  at  low 
temperature,  the  Schottky  anomaly  in  the  specific  heat  and  crystal  field  levels  observed  through  in¬ 
elastic  neutron  scattering  (INS).3-5>  vfe  have  calculated  the  magnetization  of  both  Nd  and  Er  com¬ 
pounds  using  a  Hamiltonian  which  includes  the  crystal  field  term  and  Zeeman  term. 

A  Hamiltonian  used  here  is  given  as  follows; 

H  =H  cry  +  H  Zeeman, 


where 


H  cry=B2«02®+B2*02  2+B4*04»+B4  2042+B4«04<+B««0«®+B«206*+B««0«<+B6*0«* 


and 


H  Zeeman^gyU  B  (  JxHx'^JyHy  ^JsHs  )  . 
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1  /  X  (emu/mol)"’ 


The  Bn"  are  crystal  field  parameters,  On"  the  Stevens*  operator  equivalents,  g  the  Lande  factor  and 
// B  the  Bohr  magneton.  Ji  and  Hi  (i=x,  y  and  z)  are  total  angular  moment  operators  and  external 
magnetic  fields  for  respective  axes,  respectively.  The  values  of  crystal  field  parameters  of  Nd  and 
Er  compounds  are  estimated  from  those  of  Ho  compound  which  were  determined  by  INS  experiments,  under 
the  assumption  that  the  geometrical  factor  of  these  compound  is  unchanged. 5>  The  calculated  tem¬ 
perature  dependence  of  the  magnetization  of  these  compounds  is  shown  in  Fig.  4  with  experimental 
one.  Our  calculation  indicates  that  a  large  apparent  0  p  is  introduced  by  the  CEF  effects  in 
NdBazCuaOy,  even  if  an  anti ferromagnetic  interaction  between  Nd  ions  is  absent. 


Fig.  4  Calculated  and  experimental  temperature  dependence  of  reciprocal  magnetization  of  (a)  Nd 
compound  and  (b)  Er  compound.  An  energy  level  splitting  is  shown  in  the  respective  inset 
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The  Meissner  effect  was  systematically  examined  on  cuprate  superconductors  (Laj^_^Srj^)2Cu0^ 
(x=0,06)  and  Bi2Sr2CaCu20y  in  the  form  of  single-crystal  with  various  size,  poly-crystal 
and  powder  under  various  magnetic  field.  The  sample  form  was  found  to  be  an  important 
factor  to  determine  the  Meissner  fraction.  A  new  model  has  been  presented,  applying  the 
Bean's  critical  state  model  to  the  flux  expulsion  process  in  the  type  2  superconductors. 


Introduction 

The  quality  of  the  oxide  superconducting  specimens  has  been  frequently  evaluated  [1,2]  by  the 
Meissner  curve  in  terms  of  the  sharpness  of  the  transition  at  T^  and  the  Meissner  fraction,  i.e., 
the  ratio  .of  the  largest  diamagnetism  attained  at  the  lowest  temperature  to  the  perfect 
diamagnetism.  Because  of  the  relative  difficulties  in  preparing  pure  and  homogeneous  specimens  of 
the  cuprate  superconductors  in  the  early  stage  of  the  studies,  the  two  indications:  the  sharpness  of 
the  change  in  the  curve  and  the  Meissner  fraction,  have  been  discussed  in  relation  with  the 
compositional  homogeneity  and  the  volume  fraction  of  the  superconducting  phase  in  the  specimens, 
respectively.  In  some  cases,  studies  on  the  copresence  of  the  superconductivity  and  magnetic 
ordering  have  been  cast  with  some  doubt  for  the  possible  presence  of  magnetic  impurity  phase, 
because  the  Meissner  fraction  observed  on  the  specimen  employed  has  been  significantly  lower  than 
100%  [3]. 

This  paper,  however,  intends  to  point  out  that  the  two  indications  are  sharply  dependent  on  how 
pinning  force  of  vortices  develops  below  the  critical  temperature  as  well  as  the  shape  of  the 
equilibrium  magnetization  curve  of  the  type  2  superconductors.  As  the  result,  the  shape  of  the 
Meissner  curve  exhibit  significant  dependencies  on  the  field  of  measurements  and  the  granularity  or 
size  of  specimens  rather  than  their  compositional  qualities.  Namely,  it  is  pointed  out  that  the 
criteria  based  on  the  Meissner  measurement  is  very  misleading  unless  a  special  precaution  is  taken. 
On  the  other  hand,  if  certain  required  measurements  are  performed,  the  Meissner  signal  should  be 
able  to  give  a  tool  to  evaluate  the  strength  of  the  superconducting  weak  links  in  polycrystalline 
specimens  and  the  development  of  pinning  force  of  vortex  lines  as  a  function  of  temperature  and 
magnetic  field. 


Experimental 

The  Meissner  curves  were  taken  by  a  Hoxan  HSM-2000X  SQUID  susceptometer  under  constant  magnetic 
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fUld  b,  lo..,l.g  tb.  t..p.rdb«rd  .<  .  .Pd.d  .b.d.  2K/.in.  Ib.  .„,c.,bo.,b,r  .a.  aqa.pp.d  «th  a 
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the  measurements  in  the  homogeneous  field.  nns 

The  specimens  employed  were  single-crystalline  (Lai_^Sr^)2Cu04  (LSCO)  with  x=  .  -  . 

prepared  by  the  traveling  solvent  floating  zone  (TSFZ)  method  [4].  Specimens  were  shaped  in  o 
platelets  with  about  the  same  area  but  with  different  thicknesses  among  the  series  of 
comparative  studies.  The  specimens  showed  resistive  critical  temperature  T  (R=0)  -  35  .  The 
specimens  were  cut  out  of  two  different  single-crystalline  boules.  A  and  B  whic  gave  near  y 
same  Sr  content  x.  Sample  A  was  cut  into  a  platelet  with  a-b  plane  as  the  two  faces  and  sam 
with  a-c  plane  as  the  faces  with  various  thicknesses.  Crystals  grown  by  the  same  method  and  of 
similar  compositions  have  been  characterized  by  the  neutron  scattering  [5],  resistive  transition 
under  magnetic  field  [6]  and  Hall  measurement  [7].  For  comparison,  measurements  were  made  on 
polycrystalline  sintered  body  of  the  same  composition  prepared  by  the  standard  solid  state  reaction 
[81  •  fired  at  1100<>C  in  flowing  oxygen  atmosphere  and  cooled  slowly  down  to  room  temperature  a 
35°C/hr.  In  addition  to  LSCO.  single-crystal  [9].  poly-crystalline  and  powder  specimens  o 
Bi2Sr2CaCu20y  were  used  for  part  of  the  comparative  measurements. 


Results 


Figure  1  shows  the  Meissner  curves  obtained  on  a  single  crystalline  specimen  A  1  in  the  fie 
cooling  processes  under  various  magnetic  fields.  This  immediately  tells  us  that  the  final  Meissner 
fraction  attained  at  the  lowest  temperature  is  strongly  dependent  upon  the  intensity  o  t  e  magne 
field.  The  perfect  diamagnetism 


line  should  be  at  the  level  of 
1 . 15xl0"^emu/g.  Hence  it  is 
interpreted  that  the  observed 
Meissner  fraction  is  approaching 
towards  100%  of  the  perfect 
diamagnetism  as  the  field 
intensity  is  lowered. 

The  Meissner  measurements 
of  oxide  superconductors  in 
general  have  been  performed 
under  a  magnetic  field  of 
typically  several  to  several 
tens  of  Oersteds  without  paying 
any  attention  to  the  field 
dependency.  The  above 
observation  tells  us  that  the 
Meissner  fraction  observed  under 
an  arbitrary  chosen  magnetic 


Fig.  1  The  Meissner  curves  observed  for  a  single 
crystalline  platelet  of  (LaQ^g4SrQ^Q^)2^^^4  (sample  A  ) 
under  different  magnetic  fields  applied  along  the  a-axis 
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field  cannot  be  used  for  any  meaningful  evaluation. 

The  dependence  of  the  Meissner  fraction  on  the  measurement  field  has  first  been  pointed  out  by 
Krusin-Elbaum,  Malozemoff  et  al.  [10]  for  Ba2YCu30y  single-crystalline  specimens.  The  present 
measurement  confirms  their  results  also  in  LSCO,  According  to  the  Ginzburg-Landau  theory,  they 
predicted  the  dependence  of  the  Meissner  fraction.  Figure  2  shows  the  log-log  plot  of  the 

Meissner  fraction  against  the  field.  From  the  figure,  one  may  approximate  the  dependence  as  but 
the  power  a  has  turned  out  to  the  range  over  0,3n>0.7  in  case  of  LSCO  single-crystals  depending  on 
the  field  direction  and  on  the  shape  of  the  specimen.  Therefore,  some  other  or  additional  mechanism 
must  be  sought  in  order  to  explain  the  dependence  quantitatively. 

Figure  3  shows  the  dependence  of  the  Meissner  fraction  on  the  thickness  of  the  specimen.  It  is 
clear  that  the  Meissner  fraction 


increases  as  the  sample 
thickness  decreases.  This  is 
perhaps  the  first  observation  to 
demonstrate  the  effect  of  sample 
size  on  the  Meissner  fraction, 
indicating  the  surface  effect 
must  be  involved  in  the 
determining  mechanism  of  the 
effect. 

In  order  to  further 
delineate  the  effect  of  sample 
size,  the  Meissner  fraction  vs. 
magnetic  field  relationships  are 
compared  for  single-crystalline, 
poly-crystalline  and  powder 
specimens  of  Bi2Sr2CaCu20y  in 
Fig.  4.  The  following  three 
statements  may  be  made  from  the 
figure.  First  of  all,  the  powder 
specimen  keeps  quite  a  high 
level  of  the  Meissner  fraction 
up  to  a  magnetic  field  about  10 
Oe  whereas  both  single-  and 
poly-crystalline  specimens  show 
decrease  in  their  Meissner 
fraction  with  increasing  the 
field  even  in  the  lowest  field 
range.  Secondly,  in  the  case  of 
the  poly-crystalline  specimen, 
there  is  an  intermediate  range 
where  the  Meissner  fraction 
stays  nearly  constant  (about  30% 
in  Fig.  4)  with  the  increase  in 
the  magnetic  field  over  about 
0.3  to  40  Oe,  while  that  of  the 
single-crystal  goes  further 
down.  Thirdly,  the  single- 


Fig.  2  The  Meissner  fraction  fj^  observed  as  a  function  of 
the  field  for  a  single-crystalline  specimen  of 
(LaQ  g^SrQ  o6^2^^^4  (saniple  A-1)  without  considering  the 
demagnetizing  factor.  The  field  direction  was  along  the  a  or 
c  axis. 


Fig.  3  Meissner  fraction  fj^  of  (Lag  94SrQ  05)2^^^4  single 
crystal  samples  B-1,  B-2  and  B-3  under  various  magnetic 
fields  as  a  function  of  the  thickness  of  the  specimens. 
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crystalline  specimen  exhibits 
the  lowest  Meissner  fraction 
over  the  whole  range,  although 
in  the  lowest  field  range,  both 
single-  and  poly-crystalline 
specimens  attain  nearly  100%  of 
the  Meissner  fraction.  It  is 
quite  remarkable  that  the 
behavior  of  poly-crystalline 
specimen  is  quite  similar  to  the 
single-crystal  under  the  lowest 
field,  while  it  resembles  to  the 
powder  under  the  highest  field, 
leaving  the  flat  cross-over 
region  in  the  intermediate 
range. 

Figure  5  further 

supplements  the  above 

observation  in  the  case  of  LSCO. 
The  flat  region  is  clearly 
observed  in  the  poly-crystalline 
specimen  in  the  intermediate 
field  range  over  0,1  to  10  Oe, 
while  the  single-crystalline 
specimen  decreases  in  the 
Meissner  fraction  in  this  range 
as  well.  It  is  seen  in  the 
figure  that  the  two  curves  cross 
each  other  at  about  0.3  Oe.  This 
is  probably  because  the 
thickness  of  the  poly¬ 
crystalline  sample  (ca.  0.55mm) 
is  larger  than  that  of  the 
single-crystalline  sample  (ca, 
0.2mm)  in  case  of  Fig,  5  as  will 
be  discussed  later. 

Therefore,  the  appropriate 
model  of  the  flux  expulsion 
process  to  give  the  Meissner 
signal  must  be  able  to  explain 
the  above  stated  unique  features 
of  the  shape  effect  as  well  as 
the  field  dependence. 


Fig.  4  Dependence  of  Meissner  fraction  fjvj  of  single¬ 
crystal  (H//a),  poly-crystal  (grain  size  2-50  u^i)  powder 
(1—20  ym)  specimens  of  Bi2Sr2CaCu20y  on  the  intensity  of 
magnetic  field. 


10^ 


p  Oq 


o 

-cc 

Of 

Lu 

OH 

U3 

z: 

CO 

CO 


5 

2- 

- 


2- 

0  , 

5  : 

2- 


o  o 
o 


10 


■iL 


O-  single-crystal  (H//a)  ^ 

#:  poly-crystal  o 

I  I  III!  1  1  I  t  i  till  I  >  «  I  I  nil  1  I  t  I  t  mi  I  L  t  I  I  Mil  ■ 


lO'l  10 


10 


10^ 


10‘ 


APPLIED  FIELD  COe] 


Fig.  5  Dependence  of  Meissner  fraction  f|^  of  single 
crystal  (sample  A-1)  and  poly-crystal  specimens  of 
(Lao  94Sro.o6>2C“04  ^  function  of  the  applied  magnetic 

field.  The  orientation  of  the  sample  and  field  direction  is 
shown. 


Model  of  Flux  Expulsion 

Oxide  superconductors  is  known  to  be  the  type  2  superconductors.  Schematically  the  equilibrium 
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magnetization  curve  of  a  type  2 
superconductor  can  be  illustrated  as  shown  in 
Fig.  6.  The  straight  line  is  the  portion  of 
the  perfect  diamagnetism,  -4  7rM=H.  The 
equilibrium  magnetization  curve  becomes 
larger  as  the  temperature  T  is  lowered  below 
T^.  Therefore  when  the  external  field  H  is 
set  at  C  in  the  figure  as  an  example,  the 
expected  Meissner  fraction  will  be  equal  to 
BC/AC  at  T=Tj  and  it  will  become  larger  as  T 
is  lowered  further  to  T2  and  T3,  finally 
become  100%  at  the  temperature  where  “ 

H. 

Therefore  if  H  is  set  higher  than 
H^jCTsOK),  the  Meissner  fraction  will  be 
smaller  than  100%  even  at  the  lowest 
temperature.  However,  this  cannot  be  the 
reason  for  the  incomplete  diamagnetism  observed  in  the  usual  experiments  (H  is  set  several  to 
several  tens  of  Oersted)  because  H^jCT^OK)  is  known  to  be  more  than  50  Oe  in  the  typical  cuprate 
superconductors,  such  as  LSCO  and  YBCO. 

Krusin-Elbaum,  Malozeraoff  et  al.  assumed  that  the  flux  expulsion  process  during  the 
manifestation  of  the  Meissner  effect  in  the  type  2  superconductor  takes  place  reversibly  down  to  a 
temperature  when  the  vortex  motion  becomes  irreversible,  T  (H)  and  stops  below  this  temperature  due 
to  the  strengthened  pinning  force  [10],  Therefore,  if  T2  is  set  equal  to  T*(H),  then  the  Meissner 
fraction  attained  by  the  process  down  to  T5=T*(H)  can  be  expressed  as  DC/AC.  It  has  been  noticed  in 
the  cuprate  superconductors  that  the  irreversibility  temperature  T*  depends  on  the  magnetic  field  as 
(1-T*/T^) oc According  to  the  GL  theory,  one  may  approximate  the  M~H  curve  in  the  vortex  state 
(mixed  state)  by  a  straight  line  as  -M  «  (1-T/T^).  Then  the  Meissner  fraction  fj^  (=  -4  tt  M/H)  can  be 
expressed  as  fj^^(T,H)  «  (1-T/T^)/H  and  hence  fj^(T*)  is  proportional  to  This  is  the 

essential  process  how  Krusin-Elbaum  et  al.  has  predicted  the  dependence  of  fj^. 

The  experimental  observations  described  above,  however,  have  given  a  rather  stronger  dependence 
on  the  field,  H“°^with  a  up  to  about  0,7.  Besides,  Krusin-Elbaum  et  al*s  model  cannot  explain  the 
size  effect  i.e.,  the  surface  effect.  Therefore  we  will  pay  our  attention  to  the  fact  that  the  flux 
expulsion  must  proceed  via  the  escape  process  of  vortices  out  of  the  sample  surface.  We  assume  that 
there  is  an  additional  expulsion  of  vortices  in  the  vicinity  of  the  surface  even  after  the  bulk 
motion  of  vortices  have  stopped  due  to  irreversibility  below  T  , 

A)  Model  for  a  semi-infinite  solid 

Figure  7  illustrates  our  model.  For  simplicity,  we  take  a  slab  of  infinite  area  as  the  specimen 
with  semi-infinite  thickness.  We  assume  the  following  processes  to  occur  successively  as  T  is 
lowered  below  T^, 

1)  T^  >  T  >  T* 

The  flux  expulsion  proceeds  reversibly  and  hence  the  internal  flux  density  B(T,x)  decreases 
homogeneously  in  the  slab  down  to  Bgq(T*,H) 

2)  T*  >  T 

2-1)  A  decreasing  gradient  will  develop  in  B(T,x)  towards  the  surface  below  T=T  .  For 
simplicity,  let  us  assume  that  we  have  lowered  T  from  T*  stepwise  to  Tj  ,  Then  the  surface  flux 
density  B(Tj,H,x=0)  should  become  equal  to  the  equilibrium  value  B^^CTpH)  as  given  by  the  scheme  in 
Fig. 6,  The  vortices  in  the  vicinity  of  the  surface  should  then  be  expelled  until  a  flux  density 


Fig.  6  Equilibrium  magnetization  curves  of 
the  type  2  superconductor  at  various 
temperatures  :  Tj  >  T2  >  T3. 
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“Sir 

of  a  semi  inr  step-wise  to  Tj,  (c) 

when  the  temperature  is  lowere  own  ^  continuously  from 

then  again  step-wise  to  T2  (  i)  amount  of  vortices  expelled 

above  T,  down  below  T=T(H=H,i).  the  shaded  area  stands  for  the 

during  each  of  cooling  processes. 


j-  t-ho  Rpan's  critical  state  model  [11]. 

gradient  develops  to  balance  the  pinning  force  according 


dB(Ti.H.x)/dx  =  UoFp(Ti.B)/B(Ti.H  X)  p^^^,3bility  of  vacuum.  The  final 

where  Fp  is  the  pinning  force  per  illustrated  as  in  Fig.7b.  The  shaded  area 

distribution  of  the  flux  density  is  expe  Strictly  speaking,  eq.(l)  does  not 

scands  for  the  amount  of  vortices  expelled  during  ^  3pproximate  a 

give  a  straight  line  because  B  is  a  function  of  x.  But  for  the 

constant  gradient  in  this  argument.  A  more  rigorous  treatme  ^ 

2-2)  Let  us  now  ^  will  further  be  expelled  to  attain 

expected  that  =  aq  2-  eq^  g^dient  of  the  flux  density  in  the  vicinity  of  the 

dB(T2,H,x)/dx  »  ^  x  =  x,  where  the  two  curves 

surface.  No  vortexmotion  is  expected  in  the  deeper  region  than  X2 

B(Ti.H.x)  and  B(T2.H.x)  cross  as  shown  in  Fig. 7c.  repeating  the  infinitesimally 

2-3)  In  the  case  if  we  gradually  lower  T.  we  can  treat  it  lust  b 

small  step-wise  processes  as  2-2)  down  to  the  lowest  --BJ-  “  3,3,3,  3rea  S, 

aistribution  of  flux  density  is  then  expected  to  become  as  ^ 

corresponds  to  the  amount  of  flux  expelled  during  t  e  revets  increasing  pinning  force  below  T 

and  Sp  to  that  expelled  in  the  vicinity  of  the  ^.,3  Meissner  effect  according  to 

=  T»(H).  Therefore,  we  expect  an  additiona  contri  u  ’  P  considers  contribution  to  the 

this  model  than  predicted  by  Krusin-Elbaum  et  al’s  model  which 

Meissner  fraction  only  from  the  shaded  area,  S^. 

B)  Model  for  a  thin  slab  thickness  is  finite  and  equal  to  L  as  shown 

We  now  extend  our  model  to  the  case  w  en  t  e  sa  expected  distribution  of 

in  Fig.8.  In  this  case,  the  vortex  "xT^tTe  unshaded  area  were  expelled,  the  perfect 

flux  density  is  shown  in  the  figure.  If  the  flux  in 
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diamagnetism  would  result.  Therefore  the 
actual  Meissner  fraction  fj^j  at  the  lowest 
temperature  should  be  expressed  as 
S,  .  2Sp 

f  =  - 

Sr  +  2Sp  + 

[  Bo(H)  -  B(T*.H)  ]  L  2Sp 

Bo(H)  L  Bq(H)  L 

B(T*,H)  2S 

=  [  1  - - ]  + - 

BqCH)  BqCH)  l 

=  C  + - E__  (2) 

Bo(H)  L 

where  C  is  a  constant.  The  first  term  in 
the  last  equation  is  the  same  as  predicted 
by  Krusin-Elbaum  and  is  proportional  to 


Fig.  8  The  final  distribution  of  flux  density 
after  the  field  cooling  process  of  a  slab  with  a 
finite  thickness,  L.  The  Shaded  area  represents 
the  amount  of  the  flux  expelled  during  the  whole 
process.  The  unshaded  area  corresponds  to  the 
amount  of  flux  trapped. 


Therefore,  if  the  second  term  gives  us 
a  significant  contribution,  a  plot  of 
vs.  1/L  should  give  a  straight  line  unless 

L  is  too  small  and  the  two  shaded  areas  of  S_*s  overlap  on  each  other.  This  is  because  both  the 

"  -1/3 

quantities  and  Bn(H)  are  independent  of  L.  The  straight  line  should  extrapolate  to  CH  at  1/L 
P  ^  -1/3 

=  0.  In  Fig.  3,  the  straight  lines  have  been  drawn  through  the  data  points  so  that  H  relation  to 

hold  at  1/L=0.  Although  the  data  have  not  been  extensive  enough,  they  appear  to  essentially  support 


the  prediction. 

It  is  noticed  in  Fig.  3  that  the  relative  contribution  from  the  second  term  increases  as  the 
field  is  decreased  and  as  the  thickness  of  the  sample  decreases.  It  is  about  equal  to  that  from  the 
first  term  for  the  thinnest  sample  (L=0.42mm)  under  the  field  H=0.46  Oe.  Therefore  a  dominant 
contribution  is  expected  from  the  second  term  in  case  of  a  fine-grained  powder  specimen.  From  fig. 
3,  we  can  roughly  estimate  the  thickness  of  the  specimen  at  which  nearly  100%  Meissner  fraction  is 
achievable  by  extrapolating  the  straight  line  to  fj^  =  100%.  Under  H»10.8  Oe  for  example,  the 
estimate  gives  6  vim  while  it  is  estimated  to  be  23  jjm  under  H=0.46  Oe.  This  estimation  can  explain 
why  the  Meissner  fraction  is  nearly  100%  in  the  powder  specimen  up  to  a  rather  high  magnetic  field. 
In  the  case  of  Bi2Sr2CaCu20y  (the  anisotropic  grain  size  ranging  over  2-50  um),  the  Meissner 
fraction  decays  only  slightly  up  to  the  field  about  50  Oe.  We  have  not  succeeded  in  the 
corresponding  measurements  on  LSCO  powders.  But  the  arguments  here  seem  to  be  justifiable  because  f^^ 
is  only  slightly  larger  for  single-crystalline  Bi2Sr2CaCu20y  (thickness  0.1mm)  than ^  for  single¬ 
crystalline  LSCO  (thickness  0.2mm)  to  allow  the  similar  estimation  in  both  of  the  materials. 

C)  Model  for  polycrystalline  specimens 

It  has  been  known  that  poly-crystalline  boundaries  in  the  cuprates  raise  weak  coupling  of 
superconductivity  between  the  grains.  Under  a  weak  field,  however,  the  coupling  should  appear  to  be 
still  strong  enough  and  hence  the  poly-crystalline  specimen  should  behave  like  a  single  body  against 
the  vortex  motion.  On  the  other  hand,  it  should  appear  to  be  weak  under  a  strong  magnetic  field  and 
then  grain  boundaries  should  become  the  easy  paths  for  vortices.  Then  a  poly-crystalline  body  should 
be  equivalent  to  an  assembly  of  many  isolated  particles. 

In  this  line,  the  cross-over  behavior  in  the  ff^-H  curves  in  Figs.  4  and  5  of  the  poly¬ 
crystalline  specimens  can  readily  be  explained.  The  cross-over  is  taking  place  over  the  field  range 
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I,  m  qr  CaCuoO  .  It  can  then  be  expected  that  the  Meissner 

.bout  0.3  0.  t.  40  0.  in  lb.  i...  1,  Ih. 

fraction  in  the  flat  cross  over  J  ou  poly-crystalline  specimen  should  be  able 


Summary 

..  b..  b..,  i..ciib,4,  lb.  d...i.p«ni  4i.-b.«*..  -"b  “ 

field  coellng  p.oc.  c.n  be  .,.l...llc.ll>  nnd.l.lo.d  H  „.i„„,e 

.bleb  i.i...ifi.. ..  lb.  14.P.1.1- 

,ign.l  ....nt...bt,  lb.  ».i..b.r  tbleknes...  of  tb.  polf  .l"gl.-i'l“-'>  •" 

for  the  cuprate  superconductors  provided  a 

the  same.  A  systematic  study  can  provide  informations  on  pinning  force 
superconductivity.  A  semi-quantitative  model  has  been  presented. 


Appendix 


B^ingi(H,x)  is  the  distribution  of  magnetic 
flux  density  after  field  cooling  process:  T(  2  T^) 
To(H=H(.i(To)).  Generally.  Sp  in  the  Eq.(2)  is 
given  as 

Sp  -  j”  [Bgq(T*.H)-Bji„ai(H,x)]dx  .  (A-1) 

It  is  possible  to  determine  Bf  ^nal^”’ 
pinning  force  Fp(T.B)  is  known  as  a  function  of  T 
and  B,  and  Bgqd.H)  as  a  function  of  T  and  H.  At 
present  time,  however,  Fp(T.B)  is  not  known  in 
detail  Soi  we  simply  assume  here  that 
J  (T,B)=F  (T,B)/B(T,H,x)  is  independent  of  B  in 
the  limit  of  small  B  as  in  this  case  of  Meissner 
measurements.  Then, 


B 


UoFp(T.B)/B(T,H,x)  =  3B(T,H,x)/ax  =hiiJc(T).  (A-2) 
And  hence,  the  magnetic  flux  density  is  expressed  as 
B(T+AT,H,x) 


(A-3) 


for  OSxSx(T)  at  T-T+AT,  and 

B(T,H,x)  ^ 

for  OSx  Sx(T)  at  T-T.  X(T)  is  the  crossing  point  for  two  straight  lines  a  and  b  obtaine 
(A-3)  and  (A-4),  respectively,  and  is  expressed  as: 

x(T)  -  -[B(T+AT.H,0)-B(T.H,0)J/uJJc(T+flT)-Jc(T)) .  (A-5) 

Then  we  can  estimate  the  amount  of  vortices  expelled  in  this  process,  AS 
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AS=(l/2)[B(T+dT,H,0)-B(T,H,0)]x(T)  . 


(A-6) 


And  hence, 


S,^  “  lim  Z  AS 
P  4I..0 


=  lim  J]— [B(T+AT,H,0)-B(T,H,0)]x(T) 
AT+0  2 


„  1  [-3B(T.H,0)/aT] 

=  lim  2,— IB(T+AT,H,0)-B(T,H,0)) - 

^T+0  2  Uo[dJ.(T)/dT] 


1  fT*  [3Beq(T.H)/aT)2 


■tI 


dT 


2^  To  ^JodJ^(T)/dT 
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T  Quenchinp-  and  oheno 1 i zat ion :  We  investigated  the  effect  of  quenching  and 
phenolization  on  of  three  Bi-based  compounds  Bi2Sr2CanCui  ^n0g^.2n  (n  =  0, 

1.  2).  By  quenching,  of  2201  phase  was  raised  from  6  K  to  16  K  and  of 
the  2212  phase  increased  from  69  K  to  96  K.  The  2223  phase  remained  to  be 
no  K  superconductor  when  a  quenching  temperature  Tg  was  less  than  650  C. 
This  suggests  that  hole  concentration  is  in  surplus  in  the  as-prepared  2201 
and  2212  compounds.  Comparable  T^,  enhancement  was  observed  by 
phenolization  for  the  2201  and  2212  phases. 

TT  Nonlinear  Riiscept ibil i tv :  The  complex  harmonic  magnetic  susceptibility 
X  ■  -  ixn"  of  sintered  YBa2Cu307_j  has  been  investigated  as  a  function  of 
superimposed  dc  magnetic  field.  The  intergrain  characteristics  were 
qualitatively  reproduced  from  the  Kim  critical  state  model.  This  indicates 
that  the  intergrain  property  belongs  to  the  standard  type  II. 

TTT  InteraoM-nr  hole-snin  model  of  CuO,  plane:  A  model  describing  the 
high-Tj,  superconductivity  has  been  proposed.  The  Hamiltonian  contains  the 
exchange  and  superexchange  interactions.  We  present  the  phase  diagram  of 
the  CuOg  system  as  a  function  of  hole  density.  The  domain  structure  is 
essential  to  explain  the  superconductivity  and  the  magnetic  structure.  The 
model  predicts  the  singlet  superconductivity. 

1.  Critical  Temperature  Control  of  Bi-Based  Oxides  by  Quenching  and  Phenolization 


The  Bi-based  cuprous  oxide  superconductors  can  be  classified  into  three  types 
depending  on  the  number  of  CUO2  stackings.  T^  is  known  to  increase  as  the  number  of 
stackings  increases,  but  it  is  not  known  what  discriminates  T^  of  the  Bi  compounds. 
We  examined  the  effect  of  the  high  temperature  quenching  on  T^  of  the  Bi-based 

compounds.^"®  e  rn 

The  samples  were  prepared  by  a  solid  state  reaction  from  B12O3.  Pb203.  SrCOj. 

CaCO,  and  CuO.  After  pelletizing,  the  2201  phase  (BigSrgCuO^)  was  reacted  at  760* C 
for  96  h.  the  2212  phase  was  reacted  at  840* C  for  114  h.  the  2212  phase 
(BipSroCaCugO^)  was  reacted  at  840* C  for  17  h  and  at  850* C  for  24  h.  and  the  2223 
phaL  ?Bi,  Lpb  48Sr2Ca2Cu3.20,)  was  reacted  at  845*  C  for  180  h.  The  X-ray  analyses 
showed  that  the  2212  and  2223  samples  were  almost  single  phase  but  the  2201  samp  e 

contains  the  smaller  amount  of  the  second  phase. 

The  samples  were  quenched  from  a  high  temperature  (Tg)  into  liquid  nitrogen. 
The  resistivity  was  measured  by  the  dc  four  terminal  method.  In  the  followings,  we 
present  T^  by  temperatures  of  10.  50.  90«  resistive  changes.  In  Fig.  1  we  show 
of  the  2201  phase  as  a  function  of  Tg .  The  midpoint  T,  increased  rom  6  K  to  16 

in  Fig.  2.  we  show  T^  of  the  2212  phase  as  a  function  of  Tg.  Above 

RQ  K  fn  96  K  ^  We  first  confirmed  that  the  zero-* 
midpoint  Tc  increases  from  69  K  to  96  K .  we  i  .  .  ,  ,  ooio 

resistivity  temperature  exceeded  90  K.^  This  demonstrated  that  practically  the 


X80 


phase  is  not  inferior  to  the  Y-Ba-Cu-0  system.  In  Fig.  3,  we  show  T^,  of  the  2223 
phase  as  a  function  of  Tg.  Below  650’  C,  T^,  is  almost  constant  while  Tj,  decreases 
above  that  temperature.^  This  is  in  contrast  with  those  of  2201  and  2212  phases. 
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Fig.  1  Tc  vs.  Tq  (2201  phase). 
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Fig.  2  Tq  vs.  Tq  (2212  phase). 


In  Fig.  4,  we  show  the  thermogravimetric  (TG)  analyses  of  the  2212  sample 
measured  in  air  flow  of  200  ml/min.  We  minimized  the  effect  of  the  ambient 
temperature  fluctuation  on  the  TG  balance.  The  first  run  is  not  reversible  for 
temperature  increase  and  decrease  of  rate  20*  C/min.  This  is  probably  due  to  the 
water  vapor  adsorbed  during  pulverization  of  the  sample.  Therefore,  from  the  second 
reversible  run,  we  estimated  the  change  in  the  oxygen  number  by  assuming  the  standard 
formula  Bi2Sr2CaCu209 .  The  oxygen  number  decreased  only  by  0.037  when  the 
temperature  increased  from  200* C  to  800* C.  This  smallness  rules  out  the  possibility 
to  explain  the  Tq  alteration  sorely  by  the  oxygen  stoichiometry. 

We  speculate  that  holes  for  the  CUO2  layer  are  supplied  by  the  (BiO)2  layer. 
Quenching  controls  the  amount  of  charge  transfer  presumably  by  inducing  atomic 
disorder,  resulting  in  changes  in  the  superconducting  and  normal-state  properties.® 

Our  results  suggest  that  holes  are  overdoped  in  the  as-prepared  2201  and  2212 
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compounds.  Later,  it  was  reported  that  hydrogen  absorption  in  powdered  2212  sample 
also  results  in  an  increase  of  Hydrogen  may  decrease  hole  concentration  in 

BSCCO.  We  examine  a  simple  alternative  method  that  controls  the  hole  concentration 
of  BSCCO.  Hydrogen  ions  exist  in  an  acid  solution,  but  a  strong  acid  would  dissolve 
the  sample  of  superconductor.  The  acidity  of  phenol  is  more  moderate, 
phenol  as  the  simplest  example 


We  examined 


of  the 


o 

phenolic  acids, 
soaked  in  an  ethanol 

The  2201  sample 

solution  of  phenol 

was 

for 

110 

15  h.  reacted  at  a  certain  temperature 
150“  C  for  24  h,  and  then  quenched  into 

T  = 

room 

100 

temperature  in  air. 

The  midpoint  T^ 

was 

90 

found  to  increase 

from  6  K  to  14  K. 

In 

-- 

Fig.  5,  we  show  T^ 

of  the  2212  phase  as  a 

80 

function  of  T^ . 

Below  300* C,  T^ 

is 

H* 

70 

enhanced  due  to 

phenolization  while 

the  effect  of  the 

the  effect  of  quenching 

60 

becomes  dominant  above  300* C  (compare  Figs. 
2  and  5).  A  heat  treatment  of  the 
phenolized  2212  sample  at  200* C  resulted  in 
the  increase  from  72  K  to  93  K. 
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II.  Nonlinear  Susceptibility  of  YBa2Cu307_^ 

The  ac  susceptibility  is  useful  for  characterizing  high-T^  superconductors.^  A 
sintered  oxide  superconductor  can  be  modeled  as  a  system  in  which  the  superconducting 
grains  are  weakly  coupled.  In  such  materials,  the  susceptibility  has  both  intrinsic 
and  coupling  components.  The  coupling  component  is  very  sensitive  to  both  T  and  H^^.. 

This  can  be  explained  by  the  Ishida-Mazaki  model,  which  predicted  the  appearance  of 

2 

the  odd  harmonic  susceptibilities. 

The  complex  harmonic  magnetic  susceptibility  xn'  '  ^Xn"  sintered  canonical 

oxide,  YBa2Cu307_^,  has  been  investigated.  The  experimental  variables  for  the 
measurement  of  x^  were  the  sample  temperature  T  ( 10  <  T  <  1 1 0  K) .  the  ac  magnetic 
field  amplitude  (14  mOe  <  <  85  Oe)  and  frequency  f  (7.3  <  f  <  1460  Hz).  and 

the  magnitude  of  a  superimposed  dc  field  (0  <  <  85  Oe).  Details  of  our 

results  will  be  published  elsewhere.^ 

We  compared  the  experimental  harmonic  susceptibilities  with  the  theoretical 
ones.  The  calculation  is  based  on  the  Kim  critical  state  model  for  the  critical 
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current  density.'*  We  also  used  the  analytic  formula  of  the  sample  magnetization 
derived  by  Ji  et  al.®  We  numerically  obtained  the  harmonic  susceptibilities  by  the 
Fourier  transformation.  The  T-  and  dependences  of  intergrain  characteristics 
agreed  well  with  the  calculation  from  the  simplified  Kim  model.  As  typical  examples, 
we  present  the  harmonic  susceptibilities  as  a  function  of  In  Fig.  1,  we  show 
the  odd  harmonics  for  Hgc  =  21.21  Oe  and  -45  Oe  <  H^c  <45  Oe .  The  theoretical 
curves  in  Fig.  2  are  similar  to  the  experimental  ones.  Figures  3  and  4  show  the 
experimental  and  theoretical  even  harmonics.  Good  qualitative  agreement  was  obtained 

for  n  <  5. 

An  important  implication  of  the  results  is  that  the  type  of  the  intergrain 
superconductivity  is  conventional  type  II.  Since  the  method  probes  the  motion  of 
flux  quanta,  it  should  be  useful  as  a  sensitive  probe  of  vortex  dynamics. 

This  work  has  been  done  in  collaboration  with  R.  B.  Goldfarb  (NIST,  Boulder). 
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Fig.  3  Even  harmonics  (experimental) 
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Fig.  4  Even  harmonics  (theoretical). 


III.  Magnetic  Structure  and  Superconductivity 
in  Interacting  Hole-Spin  Model  for  CUO2  plane 


Model  Hamiltonian 

The  CUO2  plane  contained  in  cuprous  oxides  is  believed  to  play  a  crucial  role  in 
superconductivity.  Besides,  the  certain  amount  of  holes  is  necessary  to  achieve  the 
high-T^  superconductivity.  Photoemission  experiments  have  insisted  that  the  oxygen 
2p  orbitals  carry  conductive  holes  while  the  copper  3d  orbitals  are  well  localized 
due  to  the  strong  Coulomb  correlation.^  Our  picture  is  as  follows:  Holes  are  doped 
into  oxygen  2p  levels,  travel  around  by  quantum  mechanical  hopping,  and  work  the  Cu 
localized  spins  through  the  exchange  interaction.  Localized  spins  are  correlated 

with  each  other  through  the  antiferromagnetic  superexchange  interaction.  We  start 

2 

from  the  following  two  dimensional  Hamiltonian 


H  = 

=  Hh  >  Hg  *  Hi 

(1) 

Hh 

=  to  1 

(2) 

Hs 

=  J  J  SjSj  +  j 

(3) 

Hi 

=  (K/2)  ) 

(4) 

where  is  the  Hamiltonian  for  free  holes.  Hg  expresses  the  antiferromagnetic 
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interaction  between  localized  Cu^'*’  spins,  and  Hj  represents  the  interaction  between 
holes  and  localized  spins.  j  denotes  the  Cu  site  of  two  dimensional  CUO2  plane.  d 
and  6  connect  Cu^'*’  at  j  with  its  nearest  neighbor  and  0^’,  respectively.  aj+^  = 

(a"^  ,at^  )  is  two  component  spinor  creating  a  hole  at  site  j+6  .  S,-  denotes  the 

localized  spin  at  j  (S  =  1/2).  a  =  Pauli  spin  matrices.  The 

antiferromagnetic  superexchange  coupling  constant  J,  the  exchange  integral  K,  and  the 
hopping  integral  tQ  are  roughly  given  by 

J  -  E^e^/a,  K  -  c^e^/a,  and  tQ  -  ee^/a  (5) 

where  a  is  the  nearest  neighbor  distance  between  Cu^^'s,  e  is  the  overlapping 

integral,  and  e  is  the  electron  charge.  From  Eq.  (5)  and  e<<  1,  we  obtain 

J  <<  K^/tg  <<  K  <<  to  .  (6) 

Since  the  unit  cell  contains  two  0^‘'s,  one  gets  the  "acoustic"  and  "optical" 
holes.  The  excitation  of  "optical”  holes  can  be  neglected  if  the  hole  density  is  not 
so  high.  Note  that  the  energy  of  "optical"  holes  is  higher  than  that  of  "acoustic" 
holes.  The  Hamiltonian  (1)  can  be  written  as 

H  =  I  epa*ap  +  KN-1/2  JSp.p,-(a*  a  ap.)  +  Hg  (7) 

with 


=  2to[ l-cos(ap„/2)cos(aPy/2) ]  (8) 

si  -  N-1/2  I  (9) 

where  N  is  the  total  number  of  Cu^^'s,  and  a*  =  (a^^  .  a*^  )  is  the  spinor  creating  an 
"acoustic"  hole  with  momentum  p.  For  simplicity,  we  deal  with  the  low  energy 


excitation  of  holes  (the  Fermi  momentum  pp  <<  1/a).  Eq.  (8)  is  reduced  to  cp 

=(l/4)toa2p2. 


Magnetic  structure 

We  apply  the  variational  method  to  evaluate  the  energy  of  the  Hamiltonian  (7). 
First,  if  Cu^'*’  spins  are  in  antiferromagnetic  state  and  holes  are  degenerated,  the 
expectation  value  of  energy  per  unit  cell  is 

E/N  =  (2/N)  pip  Cp  -  aJ  =  (t§/167T  )(app)^  -  a  J  =  (ti  to/4)n^  -  a  J  ,  (10) 

where  n^^  is  the  hole  number  per  unit  cell,  and  -NaJ  is  the  ground  state  energy  of  Hg 
(a  is  a  constant  of  order  unity). 

Next,  we  consider  the  configuration  where  all  localized  Cu^'*’  spins  are  aligned 
in  the  same  direction.  That  is,  the  system  energy  for  Hg  becomes  maximum.  The 
interaction  between  holes  and  localized  spins  is  equivalent  to  the  problem  that  the 
external  magnetic  field  K  is  applied  to  the  holes  of  magnetic  moment  1.  As  is  well 

X 

known,  the  energy  is  given  by 

E/N  =  (iTto/2)n^  -  Knj^  +  J  for  nj^  1  2K/Tito  (11) 

E/N  =  (iTto/2)n^  -  K^/ntQ  +  J  for  n^  1  2K/n  tQ  (12) 

where  NJ  is  the  possible  maximum  energy  of  Hg .  When  1  2K/iTtQ,  all  spins'  of  the 
holes  are  aligned  in  the  same  direction.  When  nj^  ^  J/K,  the  ferromagnetically 

aligned  configuration  is  preferential  than  the  antiferromagnetic  configuration  for 

2 

localized  spins  because  J  <<  K  /tg. 

The  system  energy  can  be  lowered  further  by  introducing  a  domain  structure  of 
the  localized  spins.  The  domain  is  the  compact  region  where  all  the  localized  spins 
are  aligned  in  the  same  direction.  In  the  followings,  we  explain  the  different 


phases  as  a  function  of  hole  density  nj^. 

Case:  nj^  <  (J/tg)^/^  When  localized  spins  are  completely  ordered 

an t i f erromagnet ic  manner,  the  number  of  domain  is  equal  to  that  of  holes. 
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domain  contains  a  hole,  of  which  the  spin  is  antiparallel  to  the  aligned  localized 
spins  in  the  domain.  The  linear  domain  size  Dq  is  given  by  Dq/s  -  (tQ/J)^^^.  The 

energy  per  unit  cell  is  E/N  -  (-K  +  term  (-K  +  (JtQ)^^^),  the 

hole-domain  "binding  energy",  is  negative  because  K  >>  (JtQ)^/^.  The  hole  could  not 
travel  from  the  original  domain  because  it  is  difficult  to  sweep  away  the  whole 
domain  in  a  time  -Dq/v  (v;  the  hole  velocity).  We  reasonably  conclude  that  the 
system  is  of  the  insulator  nature.  If  the  hole  density  increases  to  nj^  -  (s/Dq)^ 
(J/tQ)^^^,  then  the  localized  spin  system  is  perfectly  covered  with  the  domains. 
This  means  the  disappearance  of  the  antiferromagnetic  state  at  that  hole  density. 
Case:  ^  2K/^tQ  The  localized  spin  system  forms  the  domain  structure; 

there  are  no  antiferromagnetic  coupling  between  spins  except  the  boundaries  of  the 
domains.  Holes  are  trapped  in  the  domains.  All  spins  of  the  holes  contained  in  a 
domain  are  aligned  in  the  opposite  direction  to  the  aligned  localized  spins  in  the 
domain.  The  average  linear  size  of  the  domains  is  given  by  Dj/a  -  (tQ/J)nj^  .  The 
energy  correction  to  Eq.  (11)  is  a  E/N  -  order  that  a  hole  travels  from 

a  domain  to  the  next  domain,  the  hole  must  have  sufficiently  large  kinetic  energy  or 
must  flip  both  its  own  spin  and  the  localized  spins;  this  process  accompanies 
magnetic  excitations.  Since  conductive  holes  should  have  energy  larger  than  a 
definite  value,  the  number  of  carriers  should  be  limited.  Thus,  the  hole  system 
seems  to  behave  like  a  semiconductor. 

Case:  >  2K/t^  Iq  Again  the  system  has  the  domain  structure  similar  to  the  preceding 

case.  The  linear  domain  size  D2  is  03/3  -  K/J.  The  energy  correction  to  Eq.  (12)  is 
A E/N  -  -J^/K.  There  are  enough  untrapped  holes  of  kinetic  energy  larger  than  K.  In 
this  case,  the  system  becomes  a  hole  conductor. 

It  is  essential  that  the  localized  spin  system  goes  from  the  ant i ferromagnet ic 
ground  state  to  "the  state  with  nearly  maximum  energy  of  Hg"  as  increases. 

Superconductivity 

In  Fig.  1,  the  diagram  gives  the  lowest  hole-hole  interaction,  where  the  dashed 
line  denotes  the  "magnon  propagator".  Assuming  the  spatial  homogeneity,  we  have  the 
effective  interaction 

Hgff  =  k2/12N  J  (apioap3)(a*2aap4)K 

*  D(cp2-cp4.P2"P4) 1 

with 

D(«  .k)  =  -i/2dte^“’=<xlTS,t(t)  •S_k(0)  lx>  (14) 

where  lx>  is  the  wave  function  of  the  localized  spin.  It  is  known  that  particles 
near  Fermi  surface  play  an  important  role  in  generating  superconductivity.  Our 
results  are:  (1)  If  1  x>  is  the  ground  state  of  Hg.  then  the  excitation  energy  is 
always  positive  and  D(u.k)  becomes  negative  for  small  u.  Thus,  from  Eq.  (13),  the 
particles  in  singlet  state  interact  repulsively  with  each  other.  (2)  If  lx >  denotes 
the  state  with  higher  energy  of  Hg  so  that  the  "excitation  energy"  becomes  negative, 
then  D(a).k)  becomes  positive  for  small  « ;  the  particles  in  "singlet"  state  interact 
attractively.  The  items  (1)  and  (2)  are  true  for  any  Hg  and  Sj  as  far  as  the 
interaction  Hj  (see  Eq.  (4))  is  retained. 

As  stated  before,  the  localized  spins  are  of  "nearly  maximum  energy  for  Hg"  in 
hole-conducting  regime.  An  important  implication  from  the  present  model  is, 
therefore,  that  the  Cooper  pairs  are  "singlet". 

We  apply  the  ferromagnetic  magnon  theory  to  calculation  of  D(u,.k).  Bearing  in 


186 


mind  that 
of  D( 


the  localized  spin  system  has  the  domain  structure,  and  taking  the 
-P3)  with  respect  to  the  angle  between  P|  and  P3,  we  have 


with 


average 


g  =  K^/2Ja^Ppq  - 


(16) 


where  q  -  l/Do  -  J/Ka  and  the  Coulomb  repulsion  is  first  introduced.  The 

summation  of  momenta  Pj^  is  restricted  within  }ep  -  epl  (2pp)  .  Since  the  holes 

with  kinetic  energy  higher  than  K  can  contribute  to  formation  of  the  Cooper  pairs, 
the  mean-field  transition  temperature  T^  is 

Tj,  =  (2Y/nkg)  (4Ja^Pp)exp( -l/gN(0) )  when  2KA  tg  <.  "h  ^  (K^/2VgJaq)^/2it 
=  0  otherwise  (17) 

where  In  y  =  0.577* **  is  the  Euler  constant,  and  N(0)  -  1/tQ  denotes  the  energy 

density  per  oxygen  atom  at  the  Fermi  level.  varies  discont inuously  from  zero  to 

the  value  given  by  Eq.  (17)  at  n^j  =  2K/TTto.  A  more  detailed  analysis  shows  that 


rises  in  the  narrow  range  Anj.^  -  JK/tQ  at  nj^  -  2K/TTtQ. 

From  the  argument  of  magnetic  structure  and  the  expression,  we  obtain  the 
phase  diagram  for  T  <<  (Neel  temperature)  shown  in  Fig.  2,  where  AF,  C.  and  S 
represent  antiferromagnetic,  conductive,  and  superconductive  states.  respectively. 
The  phase  diagram  of  Fig.  2  shows  a  qualitative  agreement  with  the  experimental  one. 

Our  model  shows  that  the  high-T«  superconductivity  is  well  described  within  the 
framework  of  the  conventional  BCS  theory.  Moreover,  the  Cu  localized  spin  system 
has  the  domain  structure  rather  than  the  arit i ferromagnetic  state.  This  is  required 
to  realize  the  singlet  Cooper  pairs.  The  experimental  confirmation  of  the  domain 
structure  offers  a  check  of  our  model.  The  present  conclusions  hold  not  only  to  hole 
superconductors  but  also  to  electron  superconductors.  The  requirement  for  the  latter 
is  that  conductive  electrons  of  the  kinetic  energy  -tQa^p^  interact  with 
antiferromagnetic  spin  system  through  spin  coupling  under  the  assumption  of  Eq.  (6). 
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Fig.  1  Diagram  of  hole-hole  interaction.  Fig.  2  Phase  Diagram. 
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Electrical  resistance  and  magnetic  relaxation  measurements  have  been 
performed  on  the  YBa2Cu307-8  films  prepared  by  the  chemical  vapor 
deposition.  The  thermally  activated  behavior  was  observed  in  both 
measurements.  The  activation  energy  is  estimated  according  to  the  simple 
flux  creep  model.  However  the  activation  energy  obtained  from  the 
resistance  measurement  is  about  one  order  of  magnitude  as  large  as  that 
from  the  magnetic  relaxation. 


Introduction 

In  high-Tc  superconducting  oxides,  the  characteristic  properties  have  been 
observed  in  magnetic  fields,  such  as  the  large  logarithmic  relaxation  of 
magnetization  [1-4]  and  the  thermally  activated  dissipation  in  the  resistive 
transition  [5].  As  a  possible  explanation  of  the  logarithmic  relaxation,  Yeshurun 
and  Malozemoff  [4]  proposed  a  "giant"  flux  creep  model  based  on  the  anomalously 
small  pinning  energy  for  the  flux  line  and  the  relatively  large  thermal  energy  kT, 
because  of  the  high-Tc  superconductor.  The  notable  flux  creep  may  lead  to  serious 
reduction  of  the  critical  current  density  Jc*  However,  several  groups  [6,7] 
reported  that  YBa2Cu307-6  films  had  very  high  critical  current  density  even  at  liquid 
nitrogen  temperature.  We  do  not  yet  know  why  the  yBa2Cu307-5  films  exhibit  such 
high-Jc  property  in  spite  of  small  pinning  potentials. 

We  measured  the  electrical  resistance  near  the  superconducting  transition  and 
the  relaxation  of  the  magnetization  in  order  to  investigate  the  characteristics  of 
the  flux  motion  of  the  yBa2Cu307-5  films  with  high-Jc  value.  In  this  report,  the 
temperature  and  magnetic  field  dependences  of  pinning  energies  estimated  from  both 
electrical  and  magnetic  measurements  are  presented.  Brief  reports  on  this 
investigation  have  been  published  in  refs.  8  -  11. 

Experimental 

The  YBa2Cu307-5  films  were  epitaxially  grown  on  SrTiOaClOO)  single  crystal 
substrates  (10xl0mm2)  by  a  chemical  vapor  deposition  (CVD)  technique  at  a  deposition 
temperature  of  850®C,  where  p-diketonate  chelates  of  Y,  Ba  and  Cu  were  used  as 
source  materials  [12].  While  the  X-ray  diffraction  patterns  indicated  a  strongly 
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preferred  orientation  of  the  c-axis  perpendicular  to  the  substrate,  these  patterns 
also  suggest  that  the  existence  of  a  small  amount  of  grain  with  the  a-axis 
orientation  and  Cu-rich  precipitates  [12,13].  As  typical  examples  for  the  critical 
current  density  of  these  samples,  the  Jc  values  at  77. 3K  for  three  samples  are  shown 
in  Fig.l.  Two  samples  have  high-Jc  values  above  5xl05A/cm2  in  the  absence  of 
magnetic  field.  When  the  magnetic  fields  were  applied  perpendicular  to  the  c~axis, 
the  Jc  values  of  these  samples  decreases  gradually  at  B>3T  and  are  retained  above 
lxio^A/cm2  even  at  high  magnetic  field  at  27T.  On  the  other  hand,  one  sample 
exhibits  a  relatively  lower-Jc  property  of  about  lxl05A/cm2,  The  magnetic  field 
dependence  of  the  Jc  value  is  also  stronger  than  that  for  the  high-Jc  samples. 

For  the  resistance  measurement,  a  narrow  bridge  with  the  dimention  of  0.3mm 
wide,  2mm  long  and  about  1pm  thick  was  formed  by  masking  a  part  of  the  substrate. 
Current  and  voltage  leads  were  attached  by  In  pressure  contact  to  sputtered  Au 
electrodes.  The  electrical  resistance  measurement  for  both  magnetic  fields 
perpendicular  and  parallel  to  the  c-axis  was  performed  by  a  usual  four-probe  method 
with  a  dc  current  of  0.05mA  (15A/cm2)  along  the  a,b-axis  (parallel  to  the  sample 
layer).  The  data  were  taken  by  varing  temperature  in  constant  magnetic  fields  up  to 
25T  using  a  hybrid  magnet  or  a  superconducting  magnet. 

The  magnetic  relaxation  of  the  CVD  films  was  measured  in  magnetic  field  up  to  2T 
by  using  a  commercial  SQUID  magnetometer.  After  zero  field  cooling  to  5K,  the 
sample  was  again  warmed  up  to  the  objective  temperature  and  subsequently  the 
external  field  was  applied.  The  magnetization  data  were  taken  as  a  function  of  time 
after  the  field  sweep  was  stopped. 

Results  and  Discussion 

Figure  2  shows  the  electrical  sheet  resistance  of  the  film  H-64B  as  a  function 
of  temperature  in  various  fields.  The  resistive  transition  at  zero  field  is  sharp 
with  a  width  of  2-3K,  while  those  in  magnetic  fields  are  pretty  broad.  In  this 
figure,  it  should  be  noticed  that  each  resistive  transition  has  a  knee  near  about  6Q 
at  high  fields  above  13T.  This  means  that  the  temperature  dependence  of  resistance 
changes  near  this  point.  The  low-resistance  portion  of  the  electrical  sheet 
resistance  is  plotted  as  a  function  of  T“^  in  various  magnetic  fields  in  Fig.  3  for 
the  magnetic  field  parallel  to  the  c-axis.  It  can  be  seen  that  the  resistance 


Fig.l  Critical  current  density  at  77. 3K  Fi9-2  Resistance  vs.  temperature  curves. 
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Fig. 4  Activation  energy  estimated  from 
the  resistance  measurement. 


Fig. 3  Semilogarithmic  plot  of 
R  vs.  l/T. 

depends  exponentially  on  T“^  over  a  wide  resistance  range,  showing  a  therinally“ 
activated  behavior,  as  follows  ; 

p=Poexp(-Uo/kB'^)  • 

Then  the  activation  energy  Uq  is  estimated  from  the  linear  part. 

Figure  4  shows  the  magnetic  field  dependence  of  Uq  for  many  YBa2Cu307-.5  films 
studied.  The  Uq  values  for  the  magnetic  field  perpendicular  to  the  c-axis  are  much 
larger  than  those  for  B//c-axis.  It  seems  that  Oo  is  proportional  to  for  B//c- 

axis  and  to  for  B±c-axis  in  higher  fields.  However,  the  Uq  values  for  both 

directions  tend  to  saturate  at  lower  fields. 

In  a  simplified  flux  creep  model,  the  activation  energy  Uq  depends  on 

temperature  and  magnetic  field  by  a  form 

Uo(T,B)=Hc2(T)ao^^(T)/8nf2 

=Uo(0,B)  (l-t2)2(l-t)-V2^  (2) 

where  t=T/Tc,  Hc(T)  is  the  thermodynamic  critical  field,  Uq  the  flux  lattice 
spacing,  the  coherence  length  and  f  a  scaling  factor.  We  reanalyzed  our  data 

by  replotting  the  resistance  as  a  function  of  ( l“t^ ) ^/t{  l^t)  •  Then  the  values  of 
Uo(0,B)  are  estimated  from  the  linear  relation  between  the  resistance  and  (1- 
t^)^/t( However,  no  serious  difference  is  found  between  the  Uo(0,B)  values 
and  the  Uq  ones  shown  in  Fig.  4,  This  means  that  the  analysis  based  on  eq.(l)  gives 
a  good  approximation  for  the  YBa2Cu307-5  films  with  relatively  narrower  resistive 
transition  compared  with  those  of  Bi  and  T1  systems. 

The  logarithmic  time  decay  of  magnetization,  as  noticed  by  the  previous  reports 
[1-4],  at  a  field  of  0 . IT  for  field  parallel  to  the  c-axis  is  shown  in  Fig.  5. 
While  the  magnetization  at  low  temperature  decays  only  a  few  percent  for  first  one 
hour,  the  decay  at  80K  amounts  to  25%.  The  magnetization  decays  logarithmically  in 
time  and  can  be  expressed  as 

M(t)=M(0){l-(kgT/Eo)ln  t}  .  (3) 

Here,  Eq  is  an  activation  energy  obtained  from  magnetization  and  t  is  time.  The  Eq 
values  estimated  from  the  present  results  are  shown  in  Fig.  6  as  a  function  of 
temperature.  As  temperature  increases,  the  Eg  value  of  the  two  samples  (G-81  and  I- 
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IIA)  with  high-Jc  value  increases  at  low  temperature^  take  a  maximum  value  at  about 
60K  and  then  decreases  rapidly.  On  the  other  hand/  the  Eq  value  of  the  smaple  (G- 
86)  with  relatively  smaller-Jq  value  does  not  depend  on  temperature  up  to  about  60K. 
When  the  magnetic  field  is  applied  perpendicular  to  the  c-axis,  the  activation 
energy  behaves  the  similar  temperature  dependence  to  that  for  B//c-axis.  However, 
the  magnitude  of  the  activation  energy  for  B±c--axis  is  about  four  times  as  large  as 
that  for  B//c“axis.  The  anisotropic  property  for  the  Eq  value  is  consistent  with 
that  obtained  from  the  resistance  measurement. 

The  anomalous  temperature  dependence  of  the  Eq  value  for  the  higher-Jc  samples 
can  not  be  understood  by  the  simplified  flux  creep  model  based  on  the  Anderson-Kim 
model,  because  the  activation  energy  of  each  individual  pinning  center  must 
decreases  with  increasing  temperature.  It  may  be  explained  by  taking  into  account  a 
distribution  of  activation  energies  as  pointed  out  by  Hagen  and  Griessen  [14]. 

Figures  7(a)  and  (b)  show  the  field  dependence  of  the  Eq  values  for  B//c-axis 
and  B±c-axis,  respectively.  For  B±c-axis,  the  Eq  value  varies  in  proportion  to  B’ 
in  whole  field  range  studied.  On  the  other  hand,  the  Eq  value  for  B//c-axis  and 
at  lOK  increases  with  increasing  field  at  B>0.2T,  though  at  lower  field  it  decreases 
similarly  as  that  for  B±c-axis.  The  field  dependence  proportional  to  B'^/^  was  also 
reported  by  Matsushita  et  al.  [15]  on  a  sintered  bulk  sample  and  they  analyzed 


Fig. 5  Logarithmic  relaxation  of  the 
magnetization. 
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Fig. 6  Temperature  dependence  of  the  activation 
energy  estimated  from  the  magnetic 
relaxation. 
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Fig. 7  Magnetic  field  dependence  of  the  activation  energy 
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their  result  by  assuming  the  flux  pinning  by  twinning  planes.  Our  result  does  not 
consistent  with  their  assumption,  because  the  flux  pinning  by  twinning  planes  is 

considered  to  be  less  effective  for  B±c-axis. 

Finallyr  it  should  be  noted  that  the  activation  energies  obtained  from  the  two 
measurements  are  different  by  about  one  order  of  magnitude.  It  is  necessary  to 
understand  the  situtation  of  the  flux  motion  in  each  measurement  in  order  to  explain 
these  different  results. 
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We  report  our  research  activities  in  1989  by  using  mainly  neutron 
scattering  method  under  the  research  project  of  the  investigation 
of  the  high  Tc  superconducting  mechanism. 

We  continue  to  search  the  intimate  relation  between  magnetism  and 
superconductivity  in  a  ’hole’  doped  system  of  La2_x2^x^^^4  ^^^ng  the 
line  of  the  past  two  years  studies.  We  also  start  to  elucidate  a  newly  dis¬ 
covered  'electron'  doped  system  of  { Nd , Pr ) • 


1  Introduction 

After  the  past  two  years'  extensive  investi¬ 
gations  on  the  high  Tc  superconductivity,  the  role 
of  magnetism  in  such  novel  superconductors  is  un¬ 
derstood  deeply  and  their  intimate  relation  has 
been  occasionally  discussed.  La2CuO^  which  is 
the  progenitor  of  the  so-called  214  superconduc¬ 
tors  is  now  recognized  to  bean  ideal  model  system 
of  the  S=1/2,  2  dimensional! 2D- )  Heisenberg  anti- 
ferromagnet^ L  The  first  neutron  scattering  ex¬ 
periments  from  La2CuO^  revealed  fascinating  fea- 
turesincluding  the  absence  of  any  appreciable  en¬ 
hancement  of  the  quasielastic  component  near  the 
Neel  temperature (Tj^)  and  an  enormous  energy  scale 
for  the  spin  fluctuations  above  The  former 

seems  to  be  much  akin  to  the  quantum  fluctuations 
in  the  S=1/2,  Heisenberg  antiferromagnetic  quan¬ 
tum  linear  chain^^  and  the  latter  seems  to  be  an 
important  factor  to  the  high  Tc  superconducting 
mechanism. 

Nevertheless  these  experiments  motivated  many 
theoretical  studies  to  elucidate  the  fundamental 
subject  of  the  quantum  effect  in  two  dimension 
which  is  still  lef tunsolved.  Furthermore  the  inti¬ 
mate  relation  between  magnetism  and  superconduc¬ 
tivity  has  been  focused  recently  since  the  RVB 
mechanism  was  proposed^ L  Thus  we  are  approach¬ 
ing  from  the  complete  survey  of  the  quantum  fea- 
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Fig.1  Temperature  dependence 
of  (a)  inverse  correlation 
length  k  and  (b)  integrated 
intensity  measured  by  two- 
axis  focusing  scan. 
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tures  in  La2Cu04  to  the  elucidation  of  spin  dynamics  in  the  superconducting  state  by 

mainly  using  neutron  scattering  method* 

Our  research  project  has  included  more  than  thirty  scientists  in 

total  for  three  years.  Three  major  institutions,  Brookhaven  National  Laboratory 
(headed  by  G.  Shirane),  Massachusetts  Institute  of  Technology  (headed  by  R.  J. 
Birgeneau)  and  Tohoku  University  (headed  by  myself)  have  continuously  organized 
this  large  collaboration  team.  More  importantly,  excellent  single  crystals  have 
constantly  been  supplied  by  NTT  Opto  Electronics  Laboratories  (Y.  Hidaka  and  T. 
Murakami)  and  Inorganic  Material  Research  Facility,  Yamanashi  University  (I. 
Tanaka  and  H.  Kojiroa).  Without  their  crystal  growing  skills  and  enthusiasms  any 
success  could  be  made  in  our  investigations. 

Neutron  scattering  measurements  reported  here  have  been  carried  out  mainly 
at  the  HFBR  at  Brookhaven  National  Laboratory  and  partly  at  the  JRR  2  at  the  To 
Establishment  of  JAERI.  Neutron  depolarization  measurements  have  been  performed 
at  the  spallation  pulsed  neutron  source  at  th4  Booster  Synchrotron  Facility  of  KEK. 
The  work  is  not  covered  in  this  report  but  will  be  described  in  near  future. 


2  Quantum  2D  antif erromagnet  of  La2Cu04^j^^^ 

This  section  is  devoted  to  the  brief  description  of  the  quantum  features  of 
spin  correlations  in  La2Cu04^x  which  has  the  3D  long  range  order  (LRO)  below  T^. 
Note  that  T^  varies  with  x  and  the  highest  T^  of  320K  corresponds  to  the  stoichi¬ 
ometric  oxygen  content  of  La2Cu04  (x=0)6).  As  mentioned  in  the  preceding  section, 
the  spin  correlation  function  for  the  2D,  quantum  Heisenberg  antiferromagnet  was 
derived  theoretically.  Specifically  the  model  developed  by  Chakravarty,  Halperin 
and  Nelson  (CHN  model )'^>  is  ready  to  implement  and  thus  the  direct  comparison  was 
made  with  the  neutron  scattering  results  which  are  the  extension  of  the  previous 
experiments  from  La2Cu04^3j  (Tn=250K).  The  important  conclusion  in  the  CHN  model  is 
that  the  quantum  Heisenberg  antiferromagnet  possesses  the  long  range  order  at  T=0 
like  the  classical  antiferromagnet.  Now  this  conclusion  seems  to  be  widely 
accepted,  which  differs  from  the  RVB  conjecture. 

The  temperature  dependence  of  the  correlation  length  (C)  in  the  2D  plane  has 
been  studied  utilizing  the  energy  integrated  focusing  scans  of  the  2-axis  mode.  The 
result  is  summarized  in  Fig.1,  where  two  sets  of  data  are  shown  with  the  fitted 
curve  by  the  CHN  model. 
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D  =  0.5 

2TrPg  =  0.576  hc/a  (c:  spin  wave  velocity  a:  lattice  constant  =  3.79A) 

The  best  fitted  curve  was  given  with  C=850meVA  which  is  consistent  with  the 
estimate  by  the  Raman  data®>.  Thus  the  CHN  model  accounts  for  the  experiments  quite 
well  and  now  the  short  correlation  length  observed  is  understood  as  the  result  of 
quantum  fluctuations  in  spite  of  the  strong  exchange  interaction. 

Let  us  describe  the  results  of  the  3  axis  inelastic  scans.  Because  of  the  very 
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steep  dispersion  surface  of  the  spin  wave  in  this  crystal  with  our  finite 
resolution,  it  was  extremely  difficult  to  observe  the  proper  function  of  S(q,a))  at  a 
fixed  q.  We  performed  therefore  exclusively  q  scans  with  the  fixed  energy  (the 
constant  E  scans).  However,  for  the  same  reason  of  the  resolution  effect,  these 
scans  across  a  2D  magnetic  ridge  could  not  resolve  the  +  q2^  contributions  from  the 
symmetric  dispersion  surface  but  gave  a  single  peaked  response  cantered  at  the 
ridge. 

At  low  temperatures  well  below  the  experimental  data  of  the  constant  E 

scans  is  well  fitted  to  the  normal  spin  wave  model.  The  resolution  convolved 
calculation  gives  the  spin  wave  velocity  of  650-850  meVA  assuming  a  sharp 
excitation.  Above  Tj^,  the  dynamical  structure  factor,  S(q2Q  co)  is  given  by  the  CHN 
model  as  follows 

S(q2D  =  WQ~^S(q2Q)<t)(k,v) 

=  CC"''  (T/2ttps)^ 

,  where  k  and  v  are  respectively  ^20^ 
and,  w/^Q.  S(q2D)  must  be  properly 
scaled  from  S(q2j;)=0),  which  is  written 
as  S(q2D  =  0)=125C^NQ2/2Trpg/T  +  1  ]^. 

(J)(k,v)  is  assumed  to  be  a  two- 
Lorentzien  form  including  the  adjust¬ 
able  parameters,  which  were  determined 
by  the  model  calculation.  In  order  to 
compare  the  experimental  data  with  the 
dynamical  structure  factor  in  this  model, 
we  used  the  result  by  Tyc.  Halp 
Chakravarty  as  well  as  the  experimental 
values  of  C,  C(T),,  and  the  intensity 
scale  factor. 

.Although  the  survey  was  limited  in 
low  energies  up  to  1 2meV  transfer,  the 
quantum  effect  is  quite  obvious.  One 
way  to  present  the  result  is  the  energy 
dependence  of  the  intensities  integrated 
over  q  scanned  with  the  fixed  energy 
transfer  as  shown  in  Fig. 2.  The  inset 
of  the  figure  is  the  calculated  intensi¬ 
ties  on  the  basis  of  the  CHN  model, 
which  includes  the  resolution  effect.  The 
overall  agreement  between  the  experi¬ 
ment  and  the  calculation  is  quite  good 
except  the  quasielastic  region  near  E=0. 

The  fact  of  the  broad  peak  appeared  at 
the  finite  energy  which  eventually  be¬ 
comes  flat  at  the  elevated  temperature 


LOgCuO^,  Ef*\4.7  meV,  40-40-40-80' 


energy  (meV) 


Fig. 2  Energy  dependence  of  integrated  in¬ 
tensities  of  constant  energy  scans  across 
the  magnetic  rod  at  different  tempera¬ 
tures.  The  data  at  290K  are  taken  from 
two  crystals  NTT-7(open  triangle)  and  NTT 
-8( solid  triangle).  The  inset  is  the  re¬ 
sults  of  calculations  utilizing , the  CHN 
CHN  model (see  the  text). 
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is  the  most  unusual  but  significant  features.  This  is  the  remarkable  contrast  to 
the  Lorentzien  form  centered  at  E=0  given  by  any  conventional  theory  for  the 
interacting  paramagnets.  Even  the  normal  spin  wave  formula  must  exhibit  the 
monotonically  decrease  in  intensities  integrated  over  q  with  increase  of  energy. 
This  unique  feature  predicted  by  CHN,  which  is  revealed  by  this  experiment,  is 
mainly  originated  by  the  extremely  short  correlation  length  due  to  the  quantum 
fluctuations.  With  this  context  the  excitations  are  heavily  overdamped  at  high 
temperatures. 

This  result  reminds  us  the  spin  dynamics  in  the  quantum  linear  chain  where 
magnetic  excitations  spread  above  the  bound  spin  wave,  hence  they  obey  the  Fermi 
statistics^*.  In  other  words,  the  inelastic  neutron  scattering  intensities  are  like 
an  ice  cream  filled  in  the  cone  which  is  an  illustration  of  the  quantum  spin-wave 
dispersion  surface  in  a  q,a)  space.  There  is  no  theory  to  prove  what  extent  the 
similar  view  is  valid  for  the  case  of  the  quantum  planer  Heisenberg  antiferromagnet 
at  this  moment. 


3  Magnetic  State  in  superconducting  ^  ^  ^  ^  ^ 


We  have  extended  neutron  scattering  work  to  explore  the  spin  dynamic  in  mostly 
superconducting  order  to  compare  the  features  directly,  we  also 
made  inelastic  neutron  scattering  measurements  on  nonsuperconducting  light  doped 
crystals.  Both  the  energy  and  temperature  dependences  of  the  scattering  have  been 
mapped  out  using  3  axis  method. 

One  remarkable  feature  in  the  spin  dynamics  of  superconducting  crystals  is  an 
incommensurate,  double  peaked  structure  in  the  inelastic  neutron  scattering  spectra. 
Since  the  incommensurability  appears  in  the  superconducting  crystals,  a  new  magnetic 
state  is  suggested  in  the  superconducting  materials,  which  may  gain  the  kinetic 
energy  to  favor  the  occurrence  of  superconductivity.  Although  further  experiments 
are  necessary  to  elucidate  in  detail,  numbers  of  interesting  theoretical  models  are 
already  proposed  to  interprets,  this  fact.  However  these  models  should  include  the 
fact  that  Cu  moments  are  well  localized  and  also  the  strong  antiferromagnetic 
interaction  persists. 

It  is  also  suggestive  that  nonsuperconducting,  light  doped  crystals  show  very 
weak  temperature  as  well  as  energy  dependences  in  S(Q,  w),  although  the  2D  anti¬ 
antiferromagnetic  structure  is  unchanged.  This  smeared  feature  is  just  interpreted 
to  be  the  reflection  of  the  shortening  of  spin  correlation  length  due  to  the 
increase  of  hole  concentration  which  frustrates  to  the  2D  antiferromagnetic  ordered 
state. 

Another  feature  is  the  fact  that  the  integrated  intensities  over  q  must  be 
devided  by  the  quantum  statistic  factor  of  a)(  1 to  compare  directly  with 
the  dynamical  function  of  S(Q,a)). 

This  unusual  temperature  dependence  occurs  below  a  certain  threshold  value  in 
energy  only  in  the  superconducting  sample.  It  is  also  very  important  that  the 
temperature  dependence  of  the  scattering  intensities  is  not  interpreted  by  the 
simple  Bose  statistics.  Though  the  coupling  between  localized  spins  and 
quasiparticles  of  super  currents  and  even  a  dynamical  scattering  function  of  S(Q,  lo) 

for  such  spins  in  doped  materials  are  not  known,  the  sudden  decrease  of  intensities 

^  *12) 

for  6meV  transfer  suggests  a  formation  of  the  energy  gap  in  spin  excitations  .  If 
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we  estimate  this  energy  gap  around  1 OmeV  for  this  particular  crystal  with  T^=33K, 
this  energy  coincides  with  the  estimate  within  the  frame  work  of  the  weak  coupling 
BCS  theory.  Note  that  the  gap  energy  in  the  T^=12K  crystal  is  also  estimated  to  be 
around  5meV. 

At  this  moment  further  discussions  to  connect  to  the  superconductivity  is  too 
speculative  and  therefore  much  extended  work  is  highly  required. 

4  Spin  correlations  in  (Nd,Pr  )2_xCej^CuO^^  ^  ^  ^  ^ 


Soon  after  the  discovery  of  the  *electron'  doped  superconductors,  the  single 
crystal  grow  was  initiated  by  Hidaka  et  al.,  at  NTT.^^^  Then  experimental  studies  on 
the  spin  correlations  were  also  started  by  using  these  single  crystals.  Although  the 
detailed  crystal  structure  and  bulk  properties  are  slightly  different,  the  basic 
mechanism  for  the  appearance  of  superconductivity  is  speculated  to  be  considered  in 
the  same  view  of  the  *hole*  doped  system. 

Therefore  it  is  very  significant  to  study  the  spin  correlations  and 
fluctuations  in  La2_j^Cej^Cu4  and  to  make  a  detailed  comparison  with  those  for  La2_ 
j^Sr^^CuO^  in  order  to  find  any  intimate  relation  between  magnetism  and 
superconductivity  in  our  point  of  view.  When  we  discuss  the  spin  correlations  in 
these  crystals,  we  must  point  out  that  Lanthanide  atoms  like  Pr,  Nd  and  Ce  are  all 
magnetic  atoms  unlike  La  and  Y  in  the  *hole*  doped  system.  It  should  also  be 
pointed  out  that  the  local  structure  of  oxygen  atom  is  different  with  each  other. 
There  is  no  apical  oxygen  in  the  'electron*  doped  compounds,  although  the  chemical 
formula  is  represented  in  the  same  form. 

First  the  3D  LRO  antiferromagnetic  structure  in  both  Nd2Cu04  and  Pr2CuO^  was 
determined  exactly.  In  Nd2CuO^  the  multiple  magnetic  phase  transition  was  observed 
but  the  mecha¬ 


nism  for  the  phase 
transition  is  not 
completely  under¬ 
stood  yet.  In  par¬ 
ticular,  the  sharp 
transition  around 
70K  is  still  mys¬ 
terious  since  no 
associated  anomaly 
other  than  the 
change  in  the  mag¬ 
netic  structure  is 
found.  The  partic¬ 
ipation  of  the 
lanthanide  moments 
into  the  anti¬ 
ferromagnetic  LRO 
was  also  observed 
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tures  suggesting  Fig, 3  Temperature  dependence  of  inverse  covelation  length  in 

the  coupling  to  (Nd, Pr )  2.x^ej^Cu04 . 
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the  Cu  moments  is  rather  weak. 

Above  the  Neel  temperature,  the  strong  as  well  as  highly  inelastic  2D  spin 
correlations  exist  which  is  regarded  as  the  common  features  associated  with  the 
crystal  structure  of  the  stacking  of  CUO2  layers.  The  exchange  energy  is  estimated 
from  the  temperature  dependence  of  correlation  length  by  using  the  Chakravarty, 
Halperin,  Nelson  model  which  turns  out  to  be  comparable  to  that  of  La2Cu04. 

The  doping  effect  of  spin  correlations  is  just  in  the  process  of  collecting  the 
data.  The  difficulty  arises  mostly  in  the  sample  preparation.  However  the 
significant  difference  between  the  'electron'  and  'hole'  doped  systems  in  spin 
correlations  is  observed  as  was  expected.  As  is  seen  in  Fig. 3,  the  temperature 
dependence  in  the  correlation  length  is  appreciable  in  the  'electron'  doped  systems, 
while  as  almost  flat  feature  is  characteristic  in  the  'hole'  doped  systems.  The 
difference  is  understood  qualitatively  that  the  latter  evinces  primarily  the 
frustration  effect  by  doping,  but  the  former  does  the  dilution  effect.  The  present 
result  is  consistent  to  the  recent  experimental  results  of  photo  emissions  showing 
that  the  doped  charges  never  go  into  either  the  Cu  d  or  oxygen  p  orbital. 
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Abstract 

In  order  to  understand  the  exotic  Cu  spin  dynamics  in  the  normal  (metallic) 
state  of  the  high-T^  and  related  metallic  Cu  oxides,  the  measurements  of  the  ^^Cu 
and  0  nuclear  spin-lattice  relaxation  have  been  utilized.  From  the  temperature 
dependence  of  the  relaxation  rate  l/T^  in  the  Cu02  plane  sites,  it  is  found  that 
highly  enhanced  relaxation  process  due  to  ant i f er romagnet ic  Cu  spin  fluctuations 
.exists  in  the  Cu  sites  of  high-T^  oxides.  The  data  are  also  exhibiting  of  the 
opening  of  a  gap  in  the  low-lying  excitations  with  an  energy  comparable  to  the 
superconducting  gap.  In  contrast  to  this,  the  oxygen  sites  shows  the 
Korringa  type  temperature  dependence  reflecting  only  the  q=0  component  of  the 
dynamical  susceptibility. 


1.  Introduction 

It  is  well  recognized  by  now  that  the  understanding  of  the  normal  metallic 
state  properties  of  high-T^  Cu  oxides  is  the  most  essential  part  of  the  problem  to 
make  up  a  theoretical  model  for  the  mechanism  of  their  superconductivity.  The  major 
question  here  is  how  we  can  describe  the  magnetism  associated  with  the  highly 
correlated  Cu  3d  electrons  in  the  metallic  state.  The  magnetic  susceptibility  has 
quite  characteristic  signatures,  in  most  of  the  cases  it  has  essentially  no 
temperature  dependence,  in  contrast  to  other  metallic  oxides  like  vanadium  oxides 
where  the  amplitude  of  longitudinal  spin  fluctuations  is  saturated  and  the  Curie- 
Weiss  like  temperature  dependence  has  been  observed  at  finite  temperatures. 
Therefore,  any  experimental  and  theoretical  arguments  must  be  conformed  to  this  most 
fundamental  magnetic  property.  It  should  be  also  recalled  that  most  of  the 
superconduct ing  Cu  oxides  are  located  at  just  near  the  insulating  phase  and  the 
metallic  state  is  realized  by  doping  a  small  amount  of  holes  or  electrons  under 
alloying.  This  alloying  produces  chemically  several  Cu  valence  states  in  the 
metallic  phase  and  transfer  of  charge  between  sites  of  different  valence  should  be 
of  lower  energy  to  invoke  the  metallic  nature.  Then  the  copper-oxygen  interatomic 
Coulomb  interaction  would  appear  to  be  an  important  driving  force  for  the  transition 
to  the  superconducting  state. 

The  NMR  and  NCR  techniques  offer  an  attractive  way  to  investigate  the 
microscopic  magnetic  properties  since  the  response  of  inequivalent  sites  can,  in 
principle,  be  resolved  in  the  nuc 1  ear- resoncance  spectra  and  the  dynamical 
properties  of  those  can  be  studied  by  the  nuclear  magnetic  relaxation  at  respective 
sites.  Particularly.  it  is  quite  important  for  understanding  the  low-lying 
elementary  excitations  to  make  a  systematic  measurement  of  the  nuclear . spin-lattice 
relaxation  time  T|.  Among  variety  of  our  NMR/NQR  investigations,  we  restrict 
ourselves  in  this  report  to  review  and  to  discuss  the  work  related  to  Ti 
measurements  for  both  the*^  ^nd  '  in  the  Cu02  plane  sites.  The  unprecedented 
behavior  of  the  temperature  dependence  of  relaxation  rate  1/T|  in  a  series  of 
high-T^  Cu  oxides  has  been  observed,  while  1/T^  for  the  oxygen  sites  exhibits  the 
conventional  Korringa  temperature  dependence.  The  results  are  compared  with  those 
for  non-superconducting  but  metallic  oxides.  La4BaCu50|3  and  La^  ySrQ.  3CUO4. 

2.  Temperature  dependence  of  ^^Cu  nuclear  spin-lattice  relaxation 

A  great  number  of  data  for  the  temperature  dependence  of  T ^  in  high-T^  Cu 
oxides  has  been  published  already  [1-9].  The  following  qualitative  characteristics 
for  the  planar  Cu  sites  are  generally  accepted  by  now.  (1)  1/T]  in  the  normal  state 
is  highly  enhanced  and  its  temperature  dependence  is  not  accord  with  the  Korringa 
process,  which  is  duetto  the  electron  hole  pair  excitations  at  the  Fermi  surface. 
(2)  There  exist  no  "isotropic  BCS"  characteristics  in  1/T|(T)  just  below  T^.. 
Irrespective  of  the  system,  1/T^  (T)  has  been  found  to  decline  much  more  steeply. 
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Fig.  1  Temperature  dependence  of  ®®Cu 
spin-lattice  relaxation  rate  l/Tj  in  the 
normal  state  of  high-Tj,  oxides  for  the  Cu02 
plane  sites.  For  comparison,  data  for 
metallic  Cu  oxides  are  also  shown. 


Fia.  2  Temperature  dependence  of  the  Cu  d- 
i^iTTSontribution  (l/T,)^  to  the  relaxation 
rate.  Inset  shows  a  relation  between  the  Tj. 
and  the  characteristic  correlation 
frequency  of  the  d-spin  fluctuations. 


below  T(.  than  the  BCS  prediction.  (3)  The  low  temperature 


without  any  peak,  just 

behavior  (T<20K)  is  still  sample  dependent 
by  a  small  amount  of  magnetic  impurities. 

We  have  been  pointing  out  that,  before 


where  the  relaxation  process  is  limited 


arguing  the  properties  of  the 


superconductivity  from  Ti  measurements,  we  must  understand  the  normal  state 


behaviors.  Hence,  we 
naterial  dependences 
Tietallic  Cu  oxides. 

In  Fig.  1.  1 /T ^ 
normal  states.  To 


have 

of 


made  a  systematic  investigation  on  the  temperature  and 
at  the  normal  state,  including  non-superconducting  but 


for  the 
exhibit 
longest 
nuclear 


(T)  associated  with  the  planar  Cu  sites  is  presented 
make  this  plot,  we  have  selected  materials  which 

homogeneous"  relaxation  process,  except  for  La^_ ySrQ.  3CUO4  case  where  the 
elaxation  component  has  been  extracted  from  non  exponential  recovery  of  the 
lagnetization.  It  has  also  been  confirmed  at  several  temperatures  that  the  dominant 
elaxation  process  is  to  be  "magnetic"  from  the  measurements  of  isotope  effect  of  I  1 

the  ratio  of  l/T^  for  the  two  Cu  isotopes  being  nearly  equal  to  the  square  of  the 

atio  of  their  7  r,  values).  _ 

In  general,  the  quantity  1/T]  may  be  defined  in  terms  of  autocorre laton 

unction  of  the  fluctuating  local  field,  5H.  acting  on  the  nucleus  in  concern  llOJ, 


(1/T,)  =  (172)  (r  *(t),  5H  "(0)}>exp[iai  otldt,  (1) 


where  7  „  and  w  □  are  the  nuclear  gyromagnetic  ratio  and  the  frequency  for 
resonance?  respectively.  If  we  assume  the  hyperflne  field  operator,  H  =  A(q)S,  and 
make  use  of  the  fluctuation  and  dissipation  theorem,  l/T^  can  be  reduced  to. 
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(2) 


(1/T,)  =  (1/2)  2  [r  nA(q)l2-SjL(q.  w  q) 

=  2  kTIir  nA(q)l  Im[jrx.(q.  C»)  o)\/(Oq.  (3) 

where  A (q)  is  the  wave  vector  dependent  hyperfine  coupling  constant,  and  Sx  (q,  o) 
q)  and  (q,  (t)  q)  are  the  transverse  components  of  the  spin  correlation  function  and 
the  dynamical  susceptibility,  respectively.  Then  the  problem  is  reduced  to  how  we 
can  describe  the  x  (q.  in  our  system.  Unfortunately,  however,  we  can  not  relay 
on  any  kind  of  existing  theory  to  describe  x  o))  at  present.  Therefore,  only 
phenomenological  interpretations  for  the  experimental  results  are  given  here. 

The  following  characteristic  features  are  immediately  extracted  from  Fig.  1, 
(1)  For  the  non-superconducting  materials,  the  Korringa  process  is  really  seen  at 
low  temperatures,  the  rate  of  which  can  roughly  be  accounted  for  the  estimated  Cu 
site  density  of  states.  (2)  With  increasing  temperature,  an  excess  relaxation 
process  starts  to  develop  at  around  100  K  for  all  the  cases.  This  is  particularly 
remarkable  for  the  superconducting  materials.  Since  the  uniform  static 
susceptibility,  x  (0,0),  has  essentially  no  enhancement  in  these  systems  and  does 
not  vary  so  much  with  material  to  mate  rial,  the  excess  relaxation  process  is 

considered  to  be  due  to  a  peak  in  (q.  a>)  at  the  finite  value  of  q  with 

negligible  enhancement  near  q=0.  This  case  arises  when  there  are  ant i f er romagnet ic 
correlations,  that  seem  appropriate  for  high-T^  oxide  system  because  of  the 
antiferromagnetic  phase  being  present  for  the  materials  with  zero  or  small  carrier 
densities.  (3)  In  the  temperature  well  above  T^.  1/T|  (T)  for  the  superconducting 

materials  has  an  asymptotic  functional  form  on  temperature,  i.  e.  I /T  |  =  aT  +  b. 
Here,  we  associate  the  first  and  the  second  termS;  with  the  Korringa,  and 

the  process  characteristic  to  the  Cu  spin  dynamics,  (1/Ti)d.  at  finite  temperatures, 
respectively. 

There  may  be  several  ways  to  interpret  the  above  characteristic  features, 
ranging  from  localized  to  itinerant  picture  for  the  Cu  3d  holes.  We  start  to 

discuss  the  results  from  a  localized  regime,  since  some  of  the  resonance  experiments 

have  indicated  the  existence  of  exchange  coupled  localized  moments  on  the  Cu  sites 
in  the  normal  state  [11,  12].  In  this  case,  the  temperature  dependence  of  the  d-spin 
contribution,  (1/T^)cj.  to  the  relaxation  process  may  be  extracted  by  subtracting  the 
Korringa  term  from  the  observed  value.  This  is  shown  in  Fig.  2.  Here,  we  have 
assumed  the  Korringa  term  is  due  to  the  contact  interaction  with  the  conduction 
holes  and  does  not  depend  on  temperature.  It  is  clearly  seen  in  Fig.  2  that  the 
temperature  i ndependent  (1 /T| ) ^  tends  to  diminish  below  about  150  K  which  is  well 
above  T^.  The  high  temperature  value  of  (^/*^l)d  analyzed  by  the  same  analogy 

of  purely  local  moment  limit  with  a  characteristic  correlation  frequency,  o)  for 
the  local  spin  fluctuations.  If  we  assume  that  the  local  field  spectra  have  a 
Gaussian  distribution  centered  about  zero  frequency,  hence  S  (q,  o))  in  eq.  (2)  has  a 
Gaussian  decay  with  co,  we  have  [13], 

(1/T,)d  =  (;r/2)  '/2  (A)2  s(S+1)/(3a;c).  (4) 

Using  reasonable  estimates  of  A  from  hyperfine  fields  observed  in  the 
antiferromagnetic  phases  [14,  15],  a>  ^  is  estimated  from  the  high  temperature  values 
of  (1/Tj)^.  In  the  inset  of  Fig,  2,  w  ^  thus  obtained  is  plotted  against  T^.  It  is 
seen  interestingly  that  T^  is  proportional  to  the  correlation  frequency  of  the  d- 
spin  fluctuations  within  this  model.  It  is  also  noted  that  the  estimated  (o  ^  is  by 
an  order  of  magnitude  larger  than  the  exchange  frequency  =  1 .  3x1 0  ^  (rad/sec) 

estimated  from  generally  accepted  value  of  J^IOOO  K.  This  means  that  the  frequency 
spectrum  of  S  (q,  a>)  extend  much  higher  frequency  than  the  o)  hence  high  energy 

excitations  may  be  playing  an  important  role  on  the  Cu  spin  dynamics. 

An  alternative  interpretation  can  be  given  from  the  basis  of  itinerant  picture 
for  the  3d  holes.  In  this  model,  z  (q,  co)  in  eq.  (3)  may  be  treated  by  the  self- 
consistent  renormalization  theory  of  spin  density  fluctuations  [16].  For  nearly 
itinerant  antiferromagnetic  cases  with  two  dimenensional  character  of  the  Fermi 
surface, ^  as  is  the  present  materials,  this  theory  predicts  a  temperature  independent 
relaxation  process  i f  z  q  (Q  being  the  ant i f erromagnet ic  wave  vector)  obeys  the 
Curie-Weiss  like  temperature  dependence.  Although  the  quantitative  account  is 
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rather  difficult  to  make  since  it  depends  on  the  detailed  nature  of  the  Fermi 
surface  and  degree  of  the  enhancement  of  x  (Q.  temperature  behavior 

may  be  explained  in  this  regime. 

The  remaining  question  having  arisen  even  within  the  two  limited  discussK^s 
above  is  how  we  can  interpret  the  drastic  decrease  of  1 / T ^  below  T~150  K.  we 

believe  this  is  one  of  the  most  important  findings  in  the  present  relaxation 

studies.  Irrespective  of  the  model,  the  experimental  data  are  exhibiting  of  the 
opening  of  a  gap  in  the  low-lying  excitation  spectrum  with  an  energy  comparable  to 

the  value  of  BCS  gap.  It  should  be  stressed,  however,  that  this  gap  is  not  directly 

due  to  the  superconducting  gap.  since  a  sharp  decrease  of  1/T^  associated  with  t  e 
superconducting  gap  opening  does  exist  at  Tg  for  all  the  superconducting  materials 
(see  Fig.  3).  The  similar  gap  opening  at  around  150  K  has  recently  been  observed  in 

the  Cu2+-hole  spin  excitation  spectrum  in  La|  ssSfo.  1 neutron  scattering 

experiments  [17].  .  u 

Finally,  we  should  comment  on  the  possible  interpretation  based  on  tne 

proposed  quasi-part icle  excitations  (e.  g.  Spinons  in  the  RVB  picture)  in  these 
system  [18,19].  If  these  particles  obey  Fermi  statistics,  the  value  of  l/T^T  is  a 
good  measure  of  the  density  of  states  at  the  Fermi  level,  N(Ef).  m  such 

excitations.  The  temperature  dependence  of  1/TjT  is  shown  in  Fig.  3.  It  is  seen 

for  the  cases  of  YBaoCuoOfi  5  and  LaBa2Cu3O0_ g  that  N(Ef)  increases  with  decreasing 
temperature  having  a  plateau  around  150  K  and  decreases  with  farther  decreasing 
temperature.  The  latter  is  again  suggestive  of  the  opening  of  a  gap  in  the  density 
of  states. 

3.  Temperature  dependence  of  ^^0  nuclear  spin-lattice  relaxation 

For  the  ^^0  spin  lattice  relaxation  study  in  ¥83200307,  at  least  three  groups 
have  published  different  results  for  the  temperature  dependence.  Ishida  et  al.  have 
reported  that  I/T1  (T)  in  the  CUO2  plane  sTtes.  0(2)  and  0(3),  behaves  like  a 
Korringa  process  at  the  normal  state  and  has  a  distinct  enhancement  just  below 
characteristic  of  BCS  superconductors  [20].  From  these  findings  they  made  a 
statement  that  the  superconductivity  is  realized  by  formation  of  p-hole  pairing  wit 
dominant  s-wave  like  symmetry.  However,  Hammel  et  al.  have  published  completely 


of  YBa2Cu30g  gg.  For  comparison,  the  dada 
for  the  Cu  sites  are  also  shown. 
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different  version  of  the  experimental  results.  Particularly,  they  have  pointed  out 
that  any  BCS  enhancement  at  any  Oxygen  site  does  not  exists  in  YBa2Cu30y  [21], 
Another  complication  has  appeared  in  the  work  by  Wzieteh  et  ai.  where  they  found  a 
shortening  of  the  relaxation  in  the  chain  Oxygen  sites  in  a  limited  temperature 

domain  slightly  below  [22].  They  associate  this  hump  to  the  absence  of  zeros  of 

the  superconducting  order  parameter  over  the  Fermi  surface  and  the  s~symmetry  for 
the  pair  wave  function. 

Having  above  complication  in  mind,  we  have  decided  to  re-examine  the 
relaxation  study  for  the  oxygen  sites.  In  Fig.  4.  we  show  our  first  result  for 
1/T](T)  at  the  oxygen  sites  in  the  Cu02  planes  in  YBa2Cu3O0  95.  It  is  clearly  seen 
that  the  high  temperature  Korringa  process  is  depressed  to  some  extent  below  about 
120  K  and  there  exists  no  enhancement  just  below  From  the  geometrical  argument, 
the  oxygen  sites  can  probe  the  spin  dynamics  associated  with  only  the  q=0  component 
of  the  while  the  relaxation  at  the  Cu  sites  is  predominantly  manifested  by 

the  q=Q  component.  Therefore,  the  present  result  suggests  a  Fermi  liquid  type  of 
picture  for  the  oxygen  sites.  In  order  to  discuss  more  detail,  we  need  to  have  the 

temperature  dependence  of  the  Knight  shift  for  respective  sites.  Such  experiments 

are  now  in  progress  and  we  will  publish  those  with  full  discussion  in  a  separate 
paper. 

4.  Summary 

The  temperature  dependence  of  copper  spin  dynamics  has  been  investigated  by  T^ 
measurements  for  high-T^.  and  related  oxides.  Highly  enhanced  Cu  relaxation  process 
with  a  characteristic  temperature  dependence  was  found  in  the  normal  state  of  high- 
T^  oxides.  This  has  been  discussed  by  the  manifestation  of  either  antiferromagnetic 
Cu  spin  fluctuations  or  quasi-particle  excitations.  The  experimental  data  are  also 
exhibiting  of  the  opening  of  a  gap  in  the  low-lying  excitation  spectrum  with  an 
energy  comparable  to  the  value  of  superconducting  gap.  The  oxygen  relaxation 
measurement  in  the  CUO2  plane  sites  of  YBa2Cu3O0  95  has  been  re-examined.  It  is 
found  that  l/T^  (T)  above  120  K  shows  the  Korringa  process  and  there  exists  no 
relaxation  anomaly  just  below  T^.  which  is  characteristic  of  BCS  superconductors. 
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NQR  and  NMR  Studies  of  Hole-  and  Electron-Doped  Ln2_j^Mj^Cu04 


K.  Kumagai,  Y.  Nakamura,  I.  Watanabe,  M.  Abe  and  H.  Nakajima 
Department  Physics,  Faculty  of  Science,  Hokkaido  University,  Sapporo  060 


Nuclear  quadrupole  resonance  (NQR)  and  of  ^^^La  and  have  been  investigated  in 

the  wide  range  of  x  in  hole-doped  La2_^M^Cu04  ^e  confirmed  anti  ferromagnetic 

order  of  Cu  moments  in  electron-doped  Ln2_j(Cej^Cu04  (Ln=Nd,  Pr,  Sm).  Unexpected  observation 
of  nuclear  magnetic  resonance  (NMR)  with  vanishingly  small  quadrupole  interactions  in 
the  Ce-doped  samples  suggests  that  the  local  electronic  properties  at  Cu  sites  in 
electron-doped  oxides  differs  from  those  of  the  hole-doped  ones. 


1.  Introduction. 

While  many  superconducting  families  differing  in  structure  and  constituent  elements  are  discovered 
in  copper  based  oxides,  they  all  share  Cu-0  planes.  The  one  striking  feature  is  that  anti  ferromag¬ 
netism  is  commonly  situated  near  superconducting  phase  in  both  n-(electron-doped)  and  p-( hoi e-doped ) 
type  oxides.  Therefore,  it  is  important  to  understand  strong  anti  ferromagnetic  spin  fluctuations  of 
Cu02  sheets  for  the  high-T^.  superconductivity.  It  is  highly  necessary  to  accumulate  experimental  data 
on  various  properties  and  reveal  the  resemblance  and  difference  of  the  electronic  properties  at  Cu  and 
0  sites  between  n-  and  p-type  superconductors. 

In  this  report  we  summarize  briefly  our  ^^^La-  and  ^^^^^Cu-NQR  and  NMR  measurements  of  the  hole- 
doped  La2^x^x^^^4  electron-doped  Ln2_x^®x^^^4 


2.  Experimental - 

All  samples  were  prepared  by  solid  state 
reaction  from  mixed  powder  of  appropriate 
amounts  of  SrC03,  BaC03,  ^^2^3*  Nd203, 

Sm203  and  Ce02  [1»2].  The  pellets 
were  crushed  in  to  powder  of  350mesh  for  NQR 
and  NMR  measurements.  A  conventional  phase 
coherent  pulsed  NMR  apparatus  was  used  for 
the  NQR  and  NMR  measurements  of  spectra  and 
nuclear  spin-lattice,  T-j,  and  spin-spin 
relaxation  time,  T2. 

3.  Results  and  Discussion. 

3-1.  NQR  of  hole-doped  La2_x*^x^'^®4" 

We  have  investigated  electrical  resis¬ 
tivity  and  Cu  and  La-NQR  in  the  wide  range 
of  Sr(Ba)-substi tution  in  La2_xMj^Cu04  [3]. 
The  concentration  dependence  of  resistivity 
of  La2_x^*^x^^^4  shown  in  Fig.  1.  The 
resistivity  have  minimum  near  x=0.3.  The 
system  remains  to  be  insulating  up  to 
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Fig.  1.  Concentration  dependence  of  electrical 
resistivity  of  La2„x^*^x^^^4  i^oom  temperature. 
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x=0.05  and  the  insulator-metal  transition  takes  place  near  x=0.05.  Superconductivity  appears  for  ap¬ 
propriate  hole-doping  (0.06<x<0.3)  [3].  The  system  undergoes  again  metal-insulator  transition  for  near 
x=0.8  where  the  localization  of  the  electronic  state  is  demonstrated  by  the  variable  range  hopping 
conduction  [3]. 

As  reported  in  the  previous  paper  [1],  the  divergence  of  the  nuclear  spin  relaxation  rate  of  La 
at  T  *-«^10K  indicates  the  existence  of  the  peculiar  frustrated  magnetic  phase  between  the  3D- 
anti  ferromagnetic  and  superconducting 


phases.  The  resonance  frequencies  between 
the  nuclear +3/2<— >±5/2  transition  of  ^^^La 
are  shown  as  a  function  of  temperature  in 
Fig.  2.  The  anomalous  shifts  of  the 
resonance  frequency  are  observed  at  T^.  ,  but 
not  at  3D-AF  transition  temperature, 

[1,4].  The  difference  of  the  frequency  be- 
tween  above  and  below  T^  is  the  largest  at 
near  x=0,02.  From  the  detailed  investigation 
of  the  resonance  frequencies  including 
±l/2<— >±3/2  and  ±5/2<— >±7/2  transition  of 
^^^La,  we  obtain  the  parameters  of  electric 
quadrupole  interaction  and  internal  magnetic 
field  by  the  fitting  with  numerical  solution 
of  the  following  Hamiltonian  H  =  Hq  + 

e^qQ  o  09 

Hf,  =  - [31  2  -  1(1+1)  +  l/2n(I^2^.i_2)] 

^  41(21-1) 


T  (K) 


Fig;  2.  Temperature  dependence  of  resonance 
frequency  of  ^^^La  of  the  ±3/2< — >±5/2  transi¬ 
tion  in  La^^j^Ba^^CuO^. 


1 

Hhf=-YhHQ[l2Cos0+  -sin0(4exp(-i  (J.)+I_exp(i  (|)))], 

where  Vq  is  the  quadrupole  frequency,  ^  is 
the  asymmetry  parameter  and  9  and  are  the 
angles  between  principal  axis  of  electric 
field  gradient  (EFG)  and  internal  field,  Hq. 
Figure  3  shows  the  x-dependence  of  the  Vg 
and  n  above  and  below  T^  .  The  ^g  decreases 
gradually  with  x,  but  does  not  change  at  Tj^ 
and  T^*.  The  n  values  in  the  anti  ferromag¬ 
netic  phase  are  smaller  than  the  ones  in  the 
paramagnetic  phase  above  T^.  This  fact  im¬ 
plies  that  the  magnetic  order  of  Cu  moments 
below  Tf^  is  associated  with  an  anomalous 
change  of  electric  quadrupole  interactions. 

Figure  4  shows  the  temperature  dependence 
of  the  internal  fields  at  La  site.  The 
saturated  internal  field  at  La  site  de¬ 
creases  with  x,  but  exists  at  least  up  to 
x=0.08,  which  is  consistent  with  the  results 
of  uSR  [5]  and  heat  capacity  measurement 
[6,7].  The  internal  field  changes  discon- 
tinuously  at  T^*,  The  spin  reorientation 


0  0.05  0.10 

X 


Fig.  3-  Concentration  dependence  of  the 
resonance  frequency  vq  and  asymmetry  parameter, 
n,  of  electric  quadrupole  interaction  in  the  an¬ 
ti  ferromagnetic  and  the  paramagnetic  phase  in 

La2-xBaxCu04. 
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such  as  the  La2Cu04  to  the  La2Ni04  type  or  the  transition  from  the  coll  inear  to  non-col  1  inear  spin 
structure  can  be  considered  to  interpret  the  ^^^La-NQR  anomalies  at  [8],  The  present  La-NQR 
results  suggests  the  existence  of  successive  magnetic  transition  for  x<0.02.  The  low  temperature  mag¬ 
netic  phase  extends  up  to  x=0.08  where  the  superconducting  phase  appears. 

The  spin  echo  signals  of  are  observed  between  30  and  50MHz  in  zero  external  fields  for 

xiO.12  [3,9,10].  The  failure  of  the  observation  of  the  Cu-NQR  signals  for  x<0.1  is  caused  by  their 
very  shortened  T2.  The  spectra  consist  of  two  components  of  Cu-NQR  spectra  for  x<0.4  of  which  origin 
is  not  still  unclear.  The  distribution  of  the  electric  quadrupole  interaction  due  to  oxygen  vacancies 
and/or  random  distribution  of  Sr  and  La  around  Cu  can  be  considered  [11],  The  effect  of  the  charge 
differentiation  on  EFG  is  proposed  [12], 


The  temperature  dependence  of  l/T-j  in  the 
superconducting  samples  of  X<0.25  is  similar 
to  those  of  Cu  in  Cu02  plane  of  YBa2Cu307 
[13],  l/T'j  is  much  enhanced  in  the  normal 
state  for  x<0,3'^0,4.  For  x>0.3  where  the 
electrical  resistivity  shows  metallic  be¬ 
havior,  the  temperature  dependence  of  ^/T■^ 
obeys  the  Korringa  relation  T-jT-const.  be¬ 
tween  1,5  and  100K.  Figure  5  shows  the  x- 
dependence  of  the  T^jT  in  the  normal  state. 
T-jT  decreases  dramatically  with  x  up  to 
x=0.3  and  attains  the  constant  value  of 
about  2.0  (s*K)“^  for  x>  0,4  [3], 

In  addition  to  the  remarkable  change  of 
T'j,  the  spin-spin  relaxation  rate,  1/T2  7 
decreases  rapidly  with  increasing  x,  as  seen 
in  Fig.  5.  The  rapid  decreases  of  Ti"^and  T2”^ 
with  increasing  x  suggest  the  suppression  of 
the  anti  ferromagnetic  fluctuations  with 


X 

Fig.  5.  Concentration  dependence  of  T-jT)”^  and 
I/T2  of  ^^Cu-NQR  in  La2_j(Srj^CuO^. 


hole-doping  and  that  the  suppression  of 
relaxation  can  be  considered  to  result  from 
the  diminution  of  effective  moments  by  hole¬ 
doping  for  x>0.4. 

The  temperature  dependence  of  T2  is  shown 
in  Fig. 6.  For  the  non-superconducting  region 


T  (K) 


Fig.  4.  Temperature  dependence  of  internal 
fields  at  La  sites  in  La-j  933^^0  012^^^4* 


0  100  200 
T  (  K  ) 


Fig.  6.  Temperature  dependence  of  I/T2  of  ^^Cu 
in  La2_j(Srj^Cu04. 
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of  x>  0.3,  1/T2  increases  monotonously  with  increasing  temperature  up  to  200K.  For  the  superconducting 
region,  however,  I/T2  decreases  with  increasing  temperature  in  the  normal  state.  (The  abrupt  decrease 
of  I/T2  below  T(,  is  attributed  to  the  change  of  the  contribution  from  Ti  due  to  superconductivity.) 

3-2.  Cu-NQR  and  NMR  of  electron-doped  Ln2_xCexCu04. 

The  zero  field  NMR  signals  were  obtained  in  electron  doped  Ln2_xCexCu04  (Ln=Nd,Pr,Sm)  [2,14].  The 
spectrum  of  Nd2Cu04  shown  in  Fig.  7  have  six  narrow  peaks.  They  are  explained  as  the  superposition  of 
63/65(;jj  lines  which  are  originated  from  the  quadrupole  split  Zeeman  transition.  The  Larmor  and 
quadrupole  frequencies  of  are  determined  to  beVL=117MHz  and  Vp=14MHz,  respectively.  The  hyper- 

fine  field  of  103.7k0e  is  of  the  same  order  but  somewhat  large  compared  to  the  values  of  78.8k0e  of 


f  (MHz) 


Fig.  7.  Spin  echo  spectra  of  Cu  in  Nd2Cu0^. 


0  50  100  150 


f(MHz) 

Fig.  8.  Zero  field  Cu-NMR  spectra  as  a  func¬ 
tion  of  external  field  in  Nd^.^Cej^CuO^ , 

The  line  profiles  at  f  =  OMHz  are  obtained 
by  NMR  under  external  field. 
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Fig.  9.  Knight  shift  of  Cu  as  a  function  of  tem¬ 
perature  for  Nd"!  ^ggCeQ^  1  gCuO^  (0)  and 

P''l.85C®0.15C“04  (•  )• 


T  (K) 


Fig-10-  1/T<|  of  Cu  as  a  function  of  temperature 
for  Nd-j  ^ggCeQ  jgCuO^C  O  )  and  . 85^®0. 1 ^ 


LdpCuO^  and  76.65kOe  of  YBa2Cu30g.  The  comparable  values  and  Vq  to  those  of  hole-doped  high-T^  su¬ 
perconductors  suggest  that  Cu  moments  result  from  the  electronic  configuration  of  3d^  of  Cu  orbital  in 
the  parent  Nd2Cu04.  The  similar  antiferromagnetism  of  Cu  moments  are  confirmed  in  Pr2Cu04  and  Sm2Cu04 
[15]. 

The  zero  field  Cu-NMR  spectra  shift  to  lower  frequency  side  with  increasing  x  in  Nd2_j^Cej^Cu04 
[2,14],  The  similar  results  are  obtained  for  the  system  with  Ln=Pr  and  Sm  [15],  The  x-dependence  of 
the  resonance  frequency  is  not  interpreted  only  by  a  unique  electric  quadrupole  interaction  of 
Vp=]4MHz  as  observed  in  the  parent  Nd2Cu04.  We  consider  that  the  hyperfine  field  at  Cu  site  due  to  the 
ordering  of  Cu  moments  decreases  with  x  but  remains  finite  for  x>  0.14.  The  monotonous  decrease  of  the 
hyperfine  field  with  Ce-doping  is  a  distinct  feature  which  differs  qualitatively  from  that  obtained  in 
the  hole-doped  ones. 

We  obtained  Cu-NMR  with  extremely  small  EFG  at  Cu  sites  for  x>0.14  where  the  anti ferromagneti c  or¬ 
der  of  Cu  moments  is  absent.  Figure  8  shows  the  Cu-NMR  spectra  as  a  function  of  external  field.  The 
unexpected  and  anomalous  absence  of  the  EFG  at  Cu  sites  is  hard  to  explain  at  present  time.  The  par¬ 
tial  conversion  of  3d^  electron  configuration  to  3d^^  by  electron-doping  and  the  particular  electronic 
state  may  mask  the  EFG  at  Cu  sites  in  the  T'-structure  of  Ln2^j^Cej^Cu04.  Another  origin  for  the  cancel¬ 
lation  of  EFG  at  Cu  site  can  be  considered  as  a  result  from  the  increasing  of  hybridization  of  d  and  s 
character  electrons  with  Ce-doping. 

Figures  9  and  10  show  the  temperature  dependence  of  Knight  shift  and  l/T-j  of  Cu-NMR  at  12MHz.  For 
the  Nd-system,  l/T-j  is  much  enhanced  to  the  order  of  1-2(ms)”^  and  is  almost  temperature-independent. 
The  positive  Knight  shift  at  high  temperatures  decreases  with  decreasing  temperature.  The  contribution 
of  paramagnetic  Nd  moments  to  the  local  magnetic  susceptibility  is  so  large  that  we  can  not  obtain  in¬ 
formation  of  superconducting  energy  gap  through  temperature  dependence  of  l/T-j  and  Knight  shift.  For 
the  Pr-system,  1/T-j  is  less  enhanced  and  is  nearly  proportional  to  temperature.  The  Knight  shift  has 
temperature-independent  positive  values  below  20K.  As  Pr  moments  is  of  singlet  ground  state  of  J  mul- 
tiplet  due  to  crystal  1 ine  field  effect,  Pr  moments  behaves  as  nonmagnetic  one  at  low  temperature,  which 
give  difference  of  the  Cu-NMR  between  the  Nd-  and  Pr-systems. 

Acknowledgements. 

The  authors  would  like  to  thank  Prof.  T.  Fujita  for  his  stimulating  discussion.  A  part  of  the  studies 
(for  Nd-Ce-Cu-0  system)  are  performed  in  collaboration  with  A,  Awaji  and  T.  Fujita. 


References. 

[1]  K, Kumagai , I. Watanabe, H.Aoki ,Y. Nakamura, T. Kimura,Y. Nakamichi ,  H.Nakajima,  Physica  B148  (1987)  480. 

[2]  M.Abe,  K. Kumagai,  S. Awaji  and  T. Fujita,  Physica,  C160  (1989)  8. 

[3]  Y, Nakamura  and  K, Kumagai,  Physica  C161  (1989)  265. 

[4]  K. Kumagai,  Y. Nakamura,  I, Watanabe  and  H.Nakajima,  to  be  published  in  Z,  Naturforsh  (1990). 

[5]  A.Weidinger,  et  al,,  Phys,  Rev.  Lett.  62  (1989)  102, 

[6]  N.Wada,  H.Muro-oka,  Y. Nakamura  and  K. Kumagai,  Physica  C157  (1989)  453. 

[7]  N.Wada,  H.Muro-oka,  Y. Nakamura  and  K, Kumagai,  to  be  published  in  Physica  C162-164  (1989). 

[8]  I. Watanabe  and  K.  Kumagai,  in  preparation. 

[9]  K. Kumagai  and  Y. Nakamura,  Physica  C157  (1989)  307. 

[10]  Y. Nakamura  and  K. Kumagai,  to  be  published  in  Physica  C162-164  (1989). 

[11]  K.Ishida,  et  al.,  J.  Phys.  Soc.  Jpn.  58  (1989)  36,  and  J.  Phys,  Soc.  Jpn.  58  (1989)  2638. 

[12]  K.Yoshimura,  et  al.,  J.  Phys.  Soc.  Jpn.  58  (1989)  3057. 

[13]  T.Imai,  et  al.,  J.  Phys.  Soc,  Jpn.  57  (1988)  2280. 

[14]  K. Kumagai,  M.Abe,  S. Awaji  and  T. Fujita,  to  be  published  in  Physica  C162-164  (1989). 

[15]  K.  Kumagai,  S.  Tanaka  and  M.  Abe,  in  preparation. 


209 


Study  of  High-Tc  Oxide  Superconductor  by  NMR  and  Other  Measurements  (II) 
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2,  Susceptibility  and  Resistivity 
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Abstract 

1.  G3cu  NQR  and  1  NMR  in  (La  j  _xS r  x)  2CUO4  .  YBa2Cu307  and  YBa2Cu30e.  G5*  205x1  in 

Tl2Ba2Ca2Cu3010-y (Tc  =  116  K)  and  Tl2Ba2CuOB-y  (Tc=0-90  K) .  and  Cu  NMR  in  Nd  1 , 1 sCu 
04_y  have  been  systematically  investigated.  From  the  hole  content  dependence  of  La 
system,  1/Tj  in  the  superconducting  sample  is  strongly  enhanced  as  compared  to  that  of 
the  n 0 n”S up e r c 0 ndu c t i n g  sample.  Within  the  framework  of  RPA  approximation,  the 
temperature  dependence  of  (TiT)"l  is  related  to  that  of  the  staggered  susceptibility  X 
q<T).  On  the  other  hand,  the  Knight  shift  and,  (T^T)"!  of  reflect  the  uniform 

susceptibility  Z 0  (T)  which  is  temperature-dependent  except  for  YBa2Cu307.  (TiT)"l  of 
205x1  behaves  like  a  constant  in  wide  temperature  region  above  Tc  , while  it  becomes 
temperature  dependent  at  higher  temperature  like  that  of  Cu.  As  in  the  case  of  La 
system,  in  the  non-supe rconduc t ing  Tl2Ba2CuOe-y  is  markedly  suppressed  as 

compared  to  the  superconducting  materials,  being  temperature  independent  in  whole 
temperature  range.  For  the  hole— doped  compound,  the  enhanced  behavior  of  Zq  is  a 
necessary  condition  for  the  occurrence  of  the  superconductivity.  For  Nd  system,  the 
drastic  change  of  the  electronic  state  has  been  observed,  accompanied  with  the  diminish 
of  the  electric  field  gradient  at  the  Cu  site.  l/Tj  is  dominated  by  the  fluctuation  of 
Nd3+  moments  and  the  Intrinsic  Cu  relaxation  is  expected  to  be  smaller  compared  with 
those  of  the  hole-doped  superconductor 

2.  The  magnetic  and  the  superconducting  phase  diagram  is  presented  for 
(Lai-xSrx)2C'i04+y  annealed  in  high  pressure  oxygen  gas  up  to  400  bar. 

NMR  Study 

(1)  Cu  NQR  in  (La  i-xSrx)  system 

Since  the  finding  of  Cu  NQR  in  this  system  Cl),  1/Ti  has  been  measured 
systematically  for  the  various  Sr  contents.  The  most  striking  feature  is  that  (TiT)~l, 
which  is  related  to  the  staggered  susceptibility  Z q  (T)  as  discussed  below,  decreases 
with  increasing  hole  content  and  after  the  disappearance  of  the  superconductivity,  .it 
is  by  one  order  of  magnitude  depressed  being  temperature  independent,  as  shown  in  Fig. 
1  (b)  (2,3).  Here  (TiT)“l  in  (La  i-xSrx)  2'-“04  of  x=0.  075  with  Tc=38  K  (  solid  circles), 

x=0.  1  with  T(,=30  K  (  rectangle  mark)  and  x=0.  IS  with  T(;=0  (triangle  marks)  are  shown. 
With  increasing  Sr  content,  Ti  is  distributed  due  to  the  random  mixture  of  Sr  and  La 
around  Cu.  For  x=0.  1  and  x=0.  15,  (TiT)"l  extracted  from  the  longer  component  of  Ti  is 
plotted  in  Fig.  1  (b),  all  components  of  Ti  for  x=6.  1  show  a  marked  reduction  below  Tj. 


21Q 


(La,_xSrx)2Cu04 


Fig.  1.  (a)  The  magnetic  susceptibility  of  the  well 
annealed  sample  of  x=0.  075  with  =  38  K  in 
(La 2CUO4.  (b)  Temperature  dependence 
of  (TiT)‘i  for  x=0.075  (solid  circles), 
x=0,  I  (  rectangle  marks)  and  x=0.  15 
(triangle  marks). 


Fig.  2.  Temperature  dependence  of  l/Tj  in 

^^^1.8551*0.075^2^^04  Tc  =5  38  K.  Open 

circles  indicate  the  data  of  the  well 
annealed  sample. 


However,  for  the  superconducting  materials  with  Sr  content  more  than  x=0.  1,  the 
larger  distribution  of  Tj  has  been  observed  and  then  undergoes  no  appreciable 
variation  below  even  if  the  diamagnetism  was  observed  C2,  4)  .  It  is  expected  from 
the  microscopic  point  of  view  that  there  exists  no  bulk  superconductivity  between 
x=0.  1  with  =  30  K  and  x=0.  15  with  =  0.  Hence  the  superconducting  phase  diagram 
is  considered  to  be  not  continuous  between  x=0. 1  and  0. 15  in  consistent  to  a  recent 
phase  diagram  proposed  by  the  bulk  measurements  (5).  We  have  also  experienced  the 
small  distribution  of  even  for  x=0. 075  with  highest  Tq  depending  on  the  sample 
preparation  C4)  .  However,  by  improving  the  sintering  and  annealing  processes  of  the 
sample  preparation,  a  good  sample  in  which  Tj  is  not  distributed  has  been  synthesized. 
The  temperature  dependence  of  the  susceptibility  Xq  of  this  sample  is  shown  in  Fig. 
1(a).  As  seen  in  the  figure,  it  should  be  noted  that  Xq  starts  to  decrease  around  50  K 
far  above  This  type  of  behavior  has  also  been  observed  for  Y  system,  which  is 
ascribed  to  the  superconducting  fluctuation.  In  order  to  see  the  sample-dependence  of 
l/Tj  in  x~0.  075,  we  plotted  1/Tj  for  the  well  annealed  sample  (  open  circles)  and  the 
previous  sample  (closed  circles)  in  Fig.  2.  l/T^  in  the  good  sample  decreases  more 
rapidly  below  compared  to  the  previous  data  Cl, 2).  As  seen  in  Fig.  1(b),  (TiT)“^  in 
x=0.  075  is  by  more  than  one  order  magnitude  enhanced  as  compared  to  that  for  the  non¬ 
sup  e  r  c  0  n  du  c  t  i  tn  g  sample  with  x  =  0.  15.  In  contrast  to  the  decrease  of  the  uniform 
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susceptibility  Z o tT)  with  decreasing  temperature.  (TiT)"!  increases  with  decreasing 
temperature  and  ceases  the  increase  below  around  GO  K.  being  nearly  constant.  This 
relaxation  behavior  tells  us  that  the  system  cannot  be  interpreted  in  terms  of  a 
usual  non-magnetic  Fermi  liquid  picture,  but  strongly  affected  by  the  Cu  d-sp  in 
fluctuations,  which  is  considered  to  possess  highly  localized  character. 

Here  we  consider  an  origin  of  the  temperature  dependence  of  (TiT)  1  for  the 
superconducting  material  141.  In  general.  CTiT)'!  is  described  by  the  formula  as 


(TjT)  “1  =  2  y  {2^InizCq,Un)/un 

where  Aj,  f  is  the  hyperfine  coupling  constant  and  z(q.  is  the  dynamical 

susceptibility  and  „  is  the  resonance  frequency.  In  case  when  the  q-dependence  of 
Z  (q,  u)  is  negligible  as  in  the  localized  moment  system,  eq.  (1)  is  expressed  with  the 
use  of  the  correlation  time  “c  e  f  f  electron  spin 


CTiT)“l  =  2  V  n2A|,{2  j  ^  (T)  ^2) 

Thus  (TiT)“l  is  proportional  to  the  uniform  susceptibility  Z o .  As  seen  in  Figs.  1 
(a)  and  (b)  .  eq.  (2)  is,  however,  not  applicable  to  the  Cu  oxides,  although  the  Cu-d 

spin  moment  is  known  to  possess  localized  character  from  various  measurements. 
Accordingly,  the  q-dependence  should  be  taken  intp  account  to  explain  consistently  the 
difference  of  the  temperature  dependence  between  the  Z  o  <T)  and  (TiT)"l  as  shown  in 

Figs.  1  (a)  and  (b).  We  expect  that  Z  Cq,  u )  is  enhanced  by  the  an t  i  f e r romagne t i c  spin 

fluctuation  coming  from  the  short-range  A.  F.  spin  correlation.  In  this  case.  within 

the  framework  of  R.  P.  A.  approximation,  Z  <Q+q.  a '>  is  derived  as 

Z  (Q+q.  o>)  =  "  jQ+q  I  0 


with  Zo^“^>  dynamical  susceptibility  at  single  site,  1.  e. 

where  F  is  the  magnetic  relaxation  rate  of  Cu  spins.  We  expect  that  T  8 JK/h  where 
8  is  the  hole  concentration  of  doped  holes  and  Jk  is  the  exchange  interaction  between 
the  Cu  spins  and  the  doped  hole  spins.  JQ+q  is  the  Fourier  component  of  the  exchange 
constant  between  sites  Jy.  i.e.  jQ.^q  =  1/N^Jijexp  ((Q+qXfi  -rj)>.  From  eq.  C3)  .  the 
imaginary  part  which  is  related  to  (TjT)  is  given  by 


Im  Z  CQ+q#  «  ) 


z  0  r  « 


u  2  +  r  2(  1  -  jQ+q  Z 


(5) 


Hence  we  have 


1 


and  since  JQ+q  is  reasonably  expanded  like  JQ+q  =  Jq  “  Cq2  +  -  , 

we  have  a  relation  of 

(TiT)‘l  OC  ZgCD/CCZo^)  (7) 

Here  eq.  (6)  is  q~ in te gr a t e d  by  taking  account  of  two  dimensional  character  of  the  Cu 
oxides.  It  is  thus  considered  that  (111)*“^  of  the  superconducting  compound  reflects  the 
enhanced  behavior  of  the  staggered  susceptibility  z  q  CT)  which  is  naturally 

t empe r a tu r e-dep enden t .  On  the  other  hand,  it  is  evident  that  Zq  for  the  non¬ 
superconductor  is  suppressed  and  becomes  temperature  independent.  Consequently,  the 
T 1 T=c 0 n s t an t .  law  characteristic  of  the  Fermi  liquid  is  observed  for  the  non¬ 
sup  e  rc  onduc  t  ing  material.  This  feature  has  been  confirmed  for  T1  (2201)  systems  which 
form  a  single  Cu  sheet  without  Ca  layers  as  shown  later.  We  conclude  that  there  is  a 
strong  correlation  between  the  high-T^,  superconductivity  and  the  enhancement  of  the 
staggered  susceptibility  Zq  (41. 

Next  we  comment  about  the  relation  between  the  present  NMR  result  and  the  neutron 
experiment  which  has  observed  the  decrease  of  the  scattering  intensity  integrated  over 
the  wave  vector  q  below  around  120  K  C61  .  As  seen  in  Fig.  1  (b) ,  there  has,  however, 

been  observed  no  anomaly  in  the  temperature  variation  of  (TjT)“^  around  120  K.  The 
reason  of  the  difference  is  not  yet  clear.  From  the  NMR  experiment  which  is  capable  of 

detecting  the  low  energy  excitation,  we  do  not  have  any  evidence  of  the  gap  formation 

in  the  spin  excitation  as  suggested  by  the  neutron  experiment  as  far  as  the  La  system 

is  conce  rned  (41  . 

Here,  we  pay  our  attention  to  the  behaviors  that  (Tj^T)”^  is  nearly  temperature 
independent  below  60  K  and  begins  to  decrease  near  above  T^.  Together  with  the  result 
of  the  susceptibility  which  also  starts  to  reduce  below  50  K  as  shown  in  Fig.  1(a), 

the  reduction  of  both  the  uniform  (  Z  the  staggered  (  Z q)  susceptibilities  just 

above  T^  may  be  associated  with  the  2-D  superconducting  pair  correlation  or  the 
precursor  of  the  3-D  superconducting  transition. 

(2)  in  Tl2Ba2Cu06-y  <Tc=0  K. 12  K  and  90  K)  and  Tl2Ba2Ca2Cu30io-y  (  Tc=  IIB  K) 

Now,  Tl-Ba-Ca-Cu-0  compounds  have  been  well  established.  Among  them,  T  l2Ba2('UOe-y 
(Tl(2201)l  with  a  single  Cu02  sheet  is  of  great  advantage  to  investigate  systematically 
the  relation  between  the  T^  and  the  microscopic  electronic  state  because  T^  in  this 

system  with  the  same  crystal  structure  is  ranging  from  0  to  90  K  depending  on  the 

sample  preparation.  Apart  from  the  Cu02  sheet,  T1  NMR  is  expected  to  provide  new 
information  on  the  electronic  state  different  from  those  of  Cu  and  oxygen  in  Cu02  plane 
(71  . 

The  temperature  dependence  of  205'fi  Knight  shifts  for  Tl2Ba2CuO0-y  are  shown  in  Fig. 
3.  The  positive  shift  becomes  smaller  with  decreasing  Since  the  chemical  shift  of 

T1  is  considerably  large,  it  is  difficult  to  connect  the  variation  of  the  Knight  shift 
to  the  concentration  of  the  doped  hole.  On  the  other  hand,  (TjT)”^  exhibits  a  marked 
change  as  shown  in  Fig.  4.  The  striking  feature  is  that  (T[T)“^  for  the  non- 
super  c  onduc  t  ing  sample  Is  t e mp e r a t u r e - i  n d e p e n d e n t  and  is  strongly  suppressed  as 
compared  to  those  of  the  superconducting  materials.  This  behavior  of  (T|T)“*^  in  Tl 
compounds  is  quite  similar  to  the  case  of  La  system  (see  Fig.  1  (b)).  As  demonstrated 
by  the  nuclear  magnetization  recovery  of  2057^  in  Fig.  5,  Ti  of  Tl  is  uniquely 
defined  for  the  superconducting  materials.  This  point  is  different  from  La  system  in 
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Fig.  3.  Knight  Shifts  of  205xi  Tl2Ba2('>u06-y.  Fig.  4.  Temperature  dependence  of  (T^T)“^  of  2057^ 

open  circles  :  =  90  K,  closed  circles:  in  Tl2Ba2CuOg-y.  open  circles:  Tq=90  K, 

T(s  =  l2  K,  triangle  marks:  1^=0  K.  closed  circles:  =  12  K, 

t  r  iang  le  marks  :  T(.  =  0. 


which  Ti  of  Cu  is  distributed  due  to  the  inhomogeneity  in  the  LaO  layer  introduced  by 
increasing  Sr  content.  The  relaxation  behavior  of  (TiT)~l  in  the  Tl(2201)  with  Tc=12  K 
and  90  K  are  similar  to  each  other.  Namely,  CT^T)  ^  stays  constantly  near  Tjs  and 
decreases  with  increasing  temperature.  Again,  this  feature  is  quite  similar  to  the 
behavior  of  La  compound  for  x=0.075  with  To  =  38  K  (see  Fig.  Kb)).  From  this 
similarity,  the  nuclear  relaxation  behavior  of  Tl  site  is  expected  to  be  relevant  to 
that  of  Cu  site.  Hence  it  is  plasible  that  (TiT)"!  of  205ti  reflects  the  staggered 
susceptibility  Z q CT) , 

Next  we  present  the  result  of  Tl  NMR  for  T 1 2Ba2Ca2Cu30i Q-y  CT1  (2223)).  In  this 
compound,  two  Tl  NMR  signals  have  been  observed  C75  .  The  temperature  dependence  of 
both  Knight  shifts  are  presented  in  Fig.  G.  From  the  comparison  of  NMR  spectra  between 
Tl<220n  with  no  Ca  layer  and  Tl(2223),  the  Tl  site  with  negative  Knight  shift  is 
assigned  to  the  Tl  site  in  Ca  layers  where  Ca  ions  are  substituted  by  the  Tl  atoms. 

Tj  of  205ji  has  been  measured  for  TIO2  layers  with  positive  shift.  (TjT)  ^  for 
Tl(2223)  is  indicated  in  Fig.  7  together  with  the  result  of  Tl(2201)  with  T(;=90  K.  As 
seen  in  the  figure,  (TiT>”l  keeps  nearly  a  constant  value  up  to  room  temperature.  The 
magnitude  of  (TjT)"!  for  Tl (2223)  including  three  Cu02  sheets  is  smaller,  than  that  for 
T1C2201)  including  one  CUO2  sheet.  This  sort  of  tendency  has  been  found  in  (TiT)“l  of 
Cu  in  (Lai-xSrx)  2C"04  YBa2Cu307  (1). 


(3)  Cu  NMR  in  electron-doped  superconductor  Ndj. 85^60. 15^“04-y 

We  have  observed  an  anomalous  Cu  NMR  signal  with  extremely  small  nuclear 


quadrupole  frequency  in  contrast  to  the  hole-doped  Cu  oxides  discovered  so  far  C81  .  In 
addition  to  this  NMR  signal,  zero-field  NMR  or  NQR  signals  have  been  reported  by 


several  groups  C8, 9)  .  However,  this  type  of  zero-field  signals  which  are  believed  to  be 
sample-dependent  are  considered  to  be  not  intrinsic  for  the  superconducting  sample 
C9, 10).  It  is  interesting  to  compare  the  microscopic  property  of  the  electron  doped 
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Fig.  B.  Knight  shifts  of  20Sti  in  TloBaoCaoCuoOi n-„ 
with  Tg  =  116  K.  The  solid  and  open  circles 
correspond  to  the  T1  sites  in  TIO2  and  Ca 
layers,  respectively. 


5.  The  recovery  curves  of  nuclear  magnetization 
of  205j[  above  T^.  in  T l2Ba2CuO0-y.  These 
nuclear  relaxation  behaviors  demonstrate 
that  the  sample  is  homogeneous  independent 
on  T^.  This  is  different  from  the  La  system 
where  T^  is  distributed  with  decreasing  T-. 


Tc=90K 

i 


■  Tl-BaCaCuO 

(2223) 

0  TlBaCuO 

(2201) 


o  <poooO  o 


M  ♦  t  +  t  ♦  I 


Tc=116K 


Fig.  7.  Temperature  dependence  of  (T|T)"f  of  205p[  Pig.  8.  Temperature  dependence  of  [/T[  of 
in  Tl2Ba2CuOg-y  (  open  circles)  and  the  electron  doped  superconductor 

Tl2Ba2Ca2Cu30iQ-y  (  rectangle  marks).  1.  85^®0, 


system  with  that  of  the  hole-doped  system  as  presented  above.  However,  Tj  of  G3cu  is 
temperature  independent  in  the  temperature  range  of  4.  2  K  -  200  K  without  any  change 
below  Tc.=23  K.  The  result  is  shown  in  Fig.  8.  This  result  shows  that  Tj  of  Cu  Is 
dominated  by  the  spin  fluctuation  of  the  locai  moments  of  Nd^"*"  and  hence  the  intrinsic 
relaxation  process  is  masked.  When  comparing  the  magnitude  of  1/Ti  for  Nd  system  to 
that  of  La  compound  with  Tc=38  K  in  high  temperature  region,  we  notice  that  l/Tj  for  La 
compound  is  larger  than  that  of  Nd  system.  If  the  intrinsic  relaxation  rate  of  Cu  in  Nd 
system  were  of  the  same  order  as  1/Ti  of  La  system.  l/Tj  could  be  deviated  from  the 
behavior  shown  in  Fig.  8  with  increasing  temperature.  This  is  not  the  case.  The 
intrinsic  l/Tj  of  Cu  due  to  Cu  spin  fluctuations  appears  to  be  smaller  compared  with 
that  of  La  and  Y  systems.  Accordingly,  together  with  the  finding  of  extremely  small 
nuclear  quadrupole  frequency,  we  speculate  from  the  Tj  results  that  the  electronic 
state  of  Cu  d-electron  in  the  electron-doped  superconductor  is  quite  different  from 
the  case  of  the  hole-doped  superconductor. 

(4)  I’^O  NMR  in  High-T..  Superconductor 

Since  the  doped  holes  are  mainly  introduced  to  the  oxygen  sites,  the  NMR  of  oxygen 
is  expected  to  give  important  informations  (3.11,12.13.14,15.16.17).  We  present  here 
the  NMR  results  of  (La  q.  925S  r  o.  07  5^  2CUO4  (  Tc  =  38  K)  (3),  YBa2Cu307  (Tg  =  91 
K)  Cl 2,  1 3.  1 4,  1 5)  and  YBa2Cu30g,  95  (T(.=  61  K)  (17).  The  detailed  sample  preparation  was 
published  elsewhere  Cl  1)  . 

( i )  Kn  i  gh  t  Sh  i  f  t 

The  measurement  was  carried  out  with  the  use  of  the  powder  mixed  with  a  low  weight 
polymer  which  was  oriented  along  the  c-axis  In  situ  in  NMR  coil  set  in  the  magnetic 
field.  The  temperature  dependence  of  the  Knight  shifts  Kg  in  Cu02  and  BaO  or  LaO 
layers  with  the  c-axis  parallel  to  the  magnetic  field  are  shown  in  Fig.  9,  10,  and  11 
for  (Lao,  925Sro.  075>2^''J04<  Tc=38  K)  (3)  .  YBa2Cu307  (Tg  =  91  K)  (13)  and  YBa2Cu30G.  65  ':Tg  = 
G1  K)(17),  respectively.  As  for  YBa2Cu  3O7,  both  shifts  Kg  above  Tg  stay  nearly  a 
constant  except  for  the  slight  decrease  of  the  shift  in  Cu02  plane  below  100  K.  Below 
Tg,  Kg  decreases  dramatically  and  then  becomes  tempe r a tu r e- independen t  below  about  30  K 
with  negative  value.  This  negative  value  of  the  shift  at  low  temperatures  is  owing  to 
the  diamagnetic  shift  arising  f!om  the  diamagnetic  shielding  by  the  supe rcu r ren t.  The 
decreasing  behavior  has  been  found  to  be  more  rapid  than  the  BCS  prediction  indjcated 
by  the  dashed  line  in  Fig.  10.  The  strong  reduction  of  the  Knight  shift  of  in  Cu02 
plane  provides  a  strong  evidence  that  the  high-Tg  superconductivity  is  formed  by  the 
singlet  pairing  with  the  strong  coupling  feature. 

In  (Lao.  925Sro.  075^2CuO4(  '^0  =  38  and  YBa2Cu306.  65  <Tg=  61  K)  .  ,  the  temperature 
dependence  of  Kg  in  Cu02  plane  becomes  substantial,  reflecting  the  temperature 
dependence  of  the  uniform  susceptibility  (see  Fig.  9  and  11),  while  the  shifts  in  LaO 
and  BaO  layers  are  invariant  above  Tg,  Actually,  as  demonstrated  in  the  inset  of  Fig. 
n.  Kg.  in  Cu02  plane  of  YBa2Cu306.  65  ‘s  proportional  to  the  susceptibility  Z o <T)  with 
the  hyperfine  coupling  constant  of  35.5  kOe/ M  B  ■  Furthermore,  such  relation 
between  Kg  and  Z „ (T)  has  been  also  found  for  La  system  and  the  hyperfine  coupling 
constant  was  estimated  to  be  137  kOe/ /» B  '3^-  Knight  shift  in 
Cu02  plane  i  .s  predominated  by  the  isotropic  term  of  the  hyperfine  interaction  which 
comes  from  the  Fermi  contact  interaction  with  the  spin  density  of  s-symmetry.  This 
isotropic  term  yields  the  difference  of  the  microscopic  electronic  state  at  the  oxygen 
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Fig.  9.  Temperature  dependence  of  Knight  shifts  of 

170 

1,  85^*‘0. 

Solid  and  open  circles  correspond  to  the 
data  in  Cu02  and  LaO  layers,  respectively. 


ig.  10.  Temperature  dependence  of  Knight  shifts  of 
^'0  in  YRa2Cu307-y  with  T^  =  91  K.  Solid 
and  open  rectangle  marks  indicate  the  data 
in  Cu02  and  BaO  layers,  respectively. 


sites  between  Cu02  plane  and  BaO  or  LaO  layers.  Hence  we  should  take  account  of  not 
only  0(2p)“Cu(3d)  hybridization  .  but  also  the  b(2s)  or  Cu  (4s) ~Cu (3d)  hybridization  in 
order  to  gain  further  insight  into  the  electronic  structure  in  high-T^  compound  C3,13). 

(ii)  T\  of  Oxygen 

We  have  first  measured  the  temperature  dependence  of  in  YBa2Cu307  and  reported  the 

enhancement  just  below  Cll).  In  our  previous  report,  this  enhancement  was  considered 

to  be  associated  with  the  oxygen  site  in  Cu02.  Takigawa,  et  alCl2)  and  Horvatic,  et 
al.  C13)  have  shown  that  the  various  oxygen  sites  such  as  0(2,3)  in  Cu02  plane,  0(1)  in 
CuO  chain  and  0(4)  in  BaO  layer  possess  different  electronic  states.  In  fact,  Takigawa 
et  al.  have  reported  that  Ti  of  0(2,3)  in  Cu02  is  by  two  orders  of  magnitude  shorter 
than  Ti  of  0(4)  in  BaO  layer  (15).  This  difference  is  expected  to  be  due  to  the  large 
isotropic  hyperfine  coupling  constant  of  0(2,3)  in  Cu02  plane.  Comparing  our  previous 
results  with  theirs,  our  T could  be  associated  with  0(4)  site  in  BaO  layer.  Following 
us,  Wzietek  et  al.  also  have  observed  a  distinct  enhancement  of  l/Tj  which  is 
associated  with  0(4)  site  (14).  On  the  other  hand.  Takigawa  et  al.  have  reported  that 
Tl  of  all  oxygen  sites  including  0(4)  site  show  no  enhancement  just  below  T^  (15). 
Accordingly,  the  results  of  T^  are  not  consistent  with  each  other.  In  order  to  confirm 
whether  or  not  the  enhancement  of  l/Ti  observed  for  0(4)  site  is  intrinsic  and  if  the 
enhancement  of  0(2,3)  in  Cu02  plane  is  not  observed  even  at  zero  magnetic  field, 
further  systematic  experiments  are  required.  Here  we  focus  on  the  T^  results  of  0(2,3) 
for  La  and  Y  compounds. 

In  Fig.  12,  (TiT)“l  of  ^'^0  of  La  compound  (16)  and  YBa2Cu307  reported  by  Takigawa,  et 
al  (15).  are  indicated.  (TiT)”!  for  Y  system  is  nearly  tempe r a ture- independen t  above 
Tc.  while  that  o f  La  compound,  which  is  at  the  moment  a  preliminary  result,  shows 
rather  weak  temperature  dependence.  Different  from  those  behaviors,  (T^T)  ^  of 

YBa2Cu3O0  05  above  T^  shown  in  Fig.  13  shows  a  substantial  decrease  with  decreasing 
temperature  in  a  similar  manner  to  the  susceptibility  and  the  Knight  shift(  see  Fig. 
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11)  C17).  As  for  the  increase  of  (TiT)"!  below  around  80  K  in  YBaaCusOe,  65 

13).  this  anomaly  is  not  due  to  the  magnetic  relaxation  process,  but  due  to  the 
quadrupole  relaxation  process,  of  which  the  origin  is  not  yet  clear  (17).  The  detailed 
analysis  should  be  referred  to  the  paper  (17).  When  comparing  the  relaxation  behaviors 
of  170  with  those  of  Cu.  we  are  aware  that  (TiT)-l  of  17o  of  0(2.3)  in  CuOa  pUne  has 
relevance  to  the  uniform  susceptibility  Z » (T)  in  contrast  to  the  behavior  of  (TiT) 
of  Cu  which  is  associated  with  the  staggered  susceptibility  Zq<T). 
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Fig.  13.  Temperature  dependence  of  (TiT)*l  of  17o  in 
Cu02  plane  for  YBa2Cu30g  95  with  Tq  =  61  K. 
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Fig.  ll<  Temperature  dependence  of  Knight  shifts  of 
l7o  in  YBa2Cu306.  65 

solid  circles  indicate  the  data  in  Cu02  and 
BaO  layers,  respectively.  Inset  shows  the 
Knight  shift  vs.  the  susceptibility  plot 
with  the  temperature  as  an  implicit 
parameter. 
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Fig.  12.  Temperature  dependence  of  <T[T)“^  of  ^^0  in 
Cu02  plane  for  La  (  solid  circles)  and 
Y  (  open  circles)  systems. 
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Electrical  and  magne  t  ic  p  rope  r  t  ies  of  (La  j 2Cu04  +  y  annealed  in  high  pressure 
oxygen  gas  up  to  400  bar  has  been  studied.  The  superconducting  (La  j r  2Cu04  +  y 
includes  two  separate  phases:  one  is  superconducting  phase  with  extra  oxygen,  and  the 
other  is  the  well  known  an  t  i  f  e  r  romagne  t  ic  phase  with  Neel  temperature  of  240-300  K 
depending  on  the  annealing  atmosphere,  the  superconducting  phase  in  the  undoped  sample 
becomes  unstable  by  Sr  doping.  The  obtained  phase  diagram  is  shown  in  Fig.  14  Cl  8)  . 

The  works  on  ^*^0  have  been  performed  in  collaboration  with  M.  Horvatic,  Y.  Berthier, 
P.  Butaud,  P.  Segransan,  C.  Berthier  (Grenoble),  H.  Ka  t  ay  ama-Yo  sh  i  da .  Y.-  Okabe  and  T. 
Takahashi  (Sendai).  The  d.c.  susceptibility  measurement  has  been  made  by  Y.  Yamada 
(Himeji).  The  samples  of  Tl  compounds  were  supplied  by  J.J.  Capponi  (Grenoble)  and 
Sumitomo  company  (  Tokyo  Japan). 

40 

UNOC 

30 

.  g  20 

Fig.  14.  The  relation  between  T^,  of  (La 2Cu44.y 
and  Sr  concentration  x.  The  ends  of  the  bar 
show  the  onset  and  zero  resistance 
temperatures,  respectively.  The  annealing  10 

atmosphere  are  shown  in  the  figure.  The 
data  marked  with  parentheses  are  for  the 
same  Sr  concentration.  ^ 
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Proton  NMR  in  the  hydrogen-doped  ^Ba^Cu^Og ^ (x=0.2,  0.5)  was 
carried  out.  Relaxation  time  of  H  in  . 94**0 . 2 

of  92  K  has  been  measured  between  77  K  and  300  K.  Just  below  , 

the  spin-lattice  relaxation  rate  ^  shows  a  fairly  large 
enhancement  at  0.93  >  followed  by  sharp  decrease  with  decreasing 

temperature.  This  suggests  the  existence  of  a  superconducting 
energy  gap  2A  13kgT^.  The  hydrogen  atom  in  YBa2Cu30g  5  is 

moving  above  200  K  but  is  trapped  in  the  crystal  below  150  K, 
whose  behavior  is  similar  to  that  of  YBa2Cu20g  94^0.2’ 

1 .  I ntroduc t ion 

Nuclear  magnetic  resonance  (NMR)  is  one  of  the  most  powerful  experimental  methods 
for  the  investigation  of  superconductivity  from  a  microscopic  point  of  view. 
Nuclear  spin— lattice  relaxation  time  T^ ,  line  width  and  Knight  shift  give  detailed 
information  to  elucidate  the  mechanism  of  superconductivity  of  high-T^  ceramic. 

In  this  paper  we  report  measurements  of  proton  NMR  in  hydrogen  doped 
superconductor  VBa2Cu30g  (x=0.2,  0.5)[1,2].  Since  the  spin  of  ^1  nucleus  is  1/2 

with  no  quadrupole  moment,  we  can  measure  T of  H  without  any  complexity  resulting 
from  quadrupole  effect. 

2.  Experimental 

The  sample  of  YBa^CUgO^^^  was  prepared  by  the  method  described  in  previous  paper 
[1].  Before  doping  iiydrogen  the  samples  have  T^  of  about  92  K  and  also  the  oxygen 
concentration  of  6.94  which  is  estimated  by  comparing  the  lattice  parameters  by 
neutron  diffraction.  Hydrogen  was  doped  with  an  apparatus  of  Silverts  type  under  the 
pressure  of  about  420  Pa  at  570  K. 

A  conventional  phase-coiierent  pulsed  NMR  spectrometer  is  employed  for 
measurements  of  T^  , T^  and  inverse  linewidth  parameter  Tg  with  a  resonance  frequency 
of  33  MHz  in  the  applied  magnetic  field  of  about  7.8  kOe .  A  conventional  bridge 
spectrometer  for  the  measurements  of  the  line  width  of  NMR  spectra. 

The  is  determined  by  180^  -  2*  -  90®  pulse  sequences.  The  magnetization  M(r) 
at  time  r  after  180*^  pulse  is  determined  from  the  height  of  the  free  induction 
decay-tails  following  the  pulse.  The  T^  is  determined  by  log  [ ( M ( r ) -M^ ) /2Mq ]  vs.  r 
plots,  where  M^  is  the  nuclear  magnetization  of  ^H  in  thermal  equilibrium. 

3.  Results  and  Discussions 

3-1.  Nuclear  spin-lattice  relaxation  T^  in  YBa^Cu  3°6.94“o.2 

The  I'ecov'ery  curves  of  fhe  nuclear  magnetization  of  the  hydrogen  nucleus  at  ail 
temperatures  indicate  that  the  long  tail  part  of  the  recovery  curve  in  the  longer  time 
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1000/T(K-0 

Fig.  1.  Temperature  dependence  of  of 
‘h  in  YBagCUjOg  2  *  function 

of  T"^. 


T(K) 


Fig.  2.  Temperaure  dependence  ^id 
of^H  in  YBagCUjOg  g^Hg  2  ®  function 

of  T"^. 

The  value  of  30  ±  5  kJ/mol  for  the 
activation  energy  is  obtained  from  the 
slope  of  the  solid  line. 


region  is  straight,  but  in  shorter  time  region  it  deviates  from  the  straight  line  [2]. 
The  non-linear  part  of  the  recovery  curve  has  been  observed.  Since  the  inverse  of  the 
slope  of  the  recovery  curve  gives  ,  the  deviation  from  the  straight  line  suggests 
that  several  relaxation  times  should  be  necessary  to  reproduce  the  observed  ones  [31. 
Therefore,  we  first  determined  the  longest  T^  from  the  straight  part  of  the  curve  in 
longer  time  region.  The  next  T^  was  determined  from  the  curve  remained  after 
subtracting  the  straight  line  of  the  longest  T^  from  the  original  decay  curve.  The 
similar  processes  repeated  in  sequence  gave  shorter  Tj*s.  Three  T^’s  thus  obtained 
were  found  to  fit  well  all  of  the  original  decay  curves. 

Figure  1  shows  the  temperature  dependence  of  the  three  T  *  s .  As  easily  seen  from 
this  figure  the  temperature  dependence  of  each  has  similar  tendency.  One  of  the 
most  interesting  tendencies  is  that  the  curves  show  sharp  drops  at  170  K.  These 
V-shape  curves  of  T^  vs.  indicate  that  hydrogen  atoms  trapped  in  the  crystal  begin 

to  move  at  this  temperature  [4],  which  is  consistent  with  the  results  obtained  by 
continuo\is  wave  ( cw )  method  [1].  It  should  be  noticed  that  all  of  the  onset 
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t.eniDera.tur0s  of  hydroj^en  movement  determined  from  the  T curves  8,^ree  very  well  .  If 
eacdi  results  from  different  hydrogen  site,  it  will  give  different  onset 

temperature.  Thus,  we  can  conclude  that  the  three  curves  are  caused  by  tiie 

hydrogen  atoms  trapped  in  the  single  atomic  site  whicii  should  be  interstitial  site 
between  the  Cu(n’s  in  the  two  adjacent  Cu( 1)0  chains  or  vacant  0(1)  site  of  YBa^Cu^O^ 
lattice  (Hereafter,  we  call  the  former  H{1)  site  and  the  latter  H(2)  site  as 
determined  in  Ref.  1 . ) 

The  conclusion  above  has  been  also  confirmed  by  the  analysis  of  the  activation 
energy  as  shown  below.  In  this  temperature  range  can  Vje  written  as 


h"'  =  hd"'  ^  ht'"' 


where  T  is  the  spin-lattice  relaxation  time  which  is  caused  by  the  contribution 
Id 

from  the  moving  hydrogen  atoms,  and  denotes  the  contribution  from  the  other 

mechanisms.  The  T^^  is  determined  from  the  Lower  temperature  region  where  hydrogen 

atoms  are  trapped  in  the  crystal.  Thus  we  can  obtain  the  Tj^^  as  shown  in  Fig.  2.  Ail 

of  the  three  ctirves  are  characterized  by  the  same  single  slope.  The  activation  energy 

is  determined  from  this  slope  as  30  ±  5  kJ/mol  which  also  agrees  well  with  the  value 

determined  from  the  analysis  of  the  line  width  obtained  by  cw  method  {!].  This  means 

that  the  three  T.^’s  are  caused  by  the  hydrogen  atoms  occupying  the  single 
Id 

crystallographic  site  as  described  above. 

In  the  case  of  single  site,  the  most  plausible  origin  of  the  deviation  of  the 
decay  curve  from  the  straight  line  will  be  the  paramagnetic  impurity  center. 

According  to  Blumberg  [5],  if  there  are  paramagnetic  impurity  centers,  the 

'  1/2 

magnetization  M(r)  varies  with  time  r:  for  small  r  region,  M(r)  «  r  and  for 

sufficiently  large  r  region,  M(r)  =  ( 1 -exp( -r/T . ) j . 

We  have  plotted  the  ( Mq-M ( r ) ) /2M^  against  The  results  shows  that 

M(r)  depends  well  on  both  below  and  above  T^  up  to  150  K.  This  suggests  that 

paramagnetic  impurities  are  present  in  YBa2Cu20g  94^0.2.  above  150  K  the  M(r) 

does  not  depend  on  which  is  considered  due  to  the  movement  of  hydrogen  atoms. 

Since  we  used  high  purity  reagents,  paramagnetic  impurities  other  than  the 

constituent  elements  are  not  conceivable.  The  most  probable  paramagnetic  sources  are 


Fig.  3.  Temperature  dependence  of 

nuclear  relaxation  rate  ^  of  H  in 
YBa2Cu30g  2  excluding  the  effect 
of  parapagnetlc  impurities. 
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Cu  atoms  which  occupy  Cu( 1 )  site  in  YBa^Cu^O^^^.  The  oxygen  occupation  of  0(1)  site 
in  the  Cu(l)()  chain  is  not  perfect  and  the  interstitial  site  named  H(l)  site  is  partly 
occupied  [6].  Randomness  of  oxygen  s i te~occupat ion  would  induce  the  magnetic  moment 
on  Cu( t )  atoms.  Though  the  amount  of  paramagnetic  centers  is  not  clear  from  the 
present  NMR  experiments,  it  would  be  very  small.  The  T^  ^  obtained  by  excluding  the 

paramagnetic  impurity  effect  below  150  K  is  shown  in  Fig.  3. 

Above  T^ ,  the  temperature  dependence  of  T^  does  not  follow  the  Korringa  relation, 
Tj^T  =  const.  If  the  relation  could  hold,  it  is  limited  to  the  very  narrow  temperature 
region  just  above  T^ .  This  comes  from  the  fact  that  the  contribution  from  conduction 

electrons  is  very  weak  in  the  crystal  as  the  T.  is  very  long. 

~  1  ^ 

Below  T  ,  the  large  enhancement  of  T.  has  been  observed  as  shown  in  Fig.  3: 

- 1  ^ 

the  has  a  peak  at  0.93T^  and  decreases  sharply  with  decreasing  temperature. 

After  our  measurement  [7],  Morimoto  et  al.(81  confirmed  the  existence  of  the 
enhancement.  The  behavior  of  T^  ^  below  T^  is  very  similar  to  that  observed  for 
conventional  BCS  superconductors,  which  arises  from  the  formation  of  energy  gap  in 
the  conduction  bands.  The  facts  shown  in  Fig.  5  suggest  the  formation  of  energy  gap 
in  . 94^0  2  becomes  superconducting  state.  In  YBa^Cu^O^  system  no 

enhancement  of  T^  has  been  observed  for  Cu  nuclei,  which  would  be  suppressed  by  spin 
fluctuation  of  Cu  atoms.  Kitaoka  and  Asayama  [9]  discussed  that  enhancement  of  Tj^  ^ 
is  observed  only  for  0(4)  site  oxygen  in  BaO  plane  because  the  hybridization  of  the 
oxygen  atom  with  3d  hole  in  Cu(2)02  plane  is  small  compared  with  that  at  0(2)  and  0(3) 

sites  in  the  (hi(2)02  plane.  The  peak-temperature  of  the  enhancement  of  ^  for 

agrees  very  well  with  that  of  ^^0  obtained  by  them.  The  enhancement  of  of 

proton  suggests  that  bonding  of  hydrogen  atom  with  Cu( 1  )  atom  may  not  be  so  strong  as 
that  with  0(4)  atom.  As  a  result  of  our  NMR  measurements  (11,  hydrogen  atom  was 
assigned  to  H{ 1  )  or  H(2)  site,  but  this  result  has  not  been  confirmed  by  neutron 
diffraction.  In  order  to  understand  NMR  data  further,  we  need  neutron  diffraction 
experiments  in  more  detail. 

The  energy  gap  A  can  be  extracted  from  the  slope  of  T-  vs*  T  ^  curve  below  the 
- 1  ^ 

peak  if  we  assume  that  T^  is  proportional  to  exp(-A/kgT)  derived  from  BCS  theory. 
The  gap  determined  from  the  slope  is  A  =  600  K,  which  corresponds  to  2A  =  ISk^T^. 
This  value  is  rather  high  compared  to  BCS  value,  2A  =  3.5kgT^,  but  it  is  comparable  to 
the  values  2A  =  Sk^^T^  in  the  c-plane  and  3kgT^  in  the  direction  perpendicular  to  the 
c-plane  from  infrared  measurement  (10),  and  2A  =  shown  by  Photoemission  [11]. 

For  more  accurate  evaluation  of  the  gap,  measurement  of  in  lower  temperature 

region,  which  is  now  in  progress,  is  necessary.  Besides  the  consideration  of  the 
energy  gap,  the  effect  of  paramagnetic  impurities  would  contribute  to  the  enhancement 
of  Tj  and  its  details  would  be  discussed  elsewhere. 

3-2.  Further  Research  in  YBaoCu^O^ 

2  3  6 . 94  X 

The  line  width  of  NMR  spectra  in  YBagCu^Og  94^0  5  measured  in  the  temperature 

range  from  90  K  to  300  K.  The  line  width  was  determined  from  peak  to  peak  separation 

of  an  absorption  derivative  AH  .  Figure  4  shows  the  temperature  dependence  of  AH 

PP  PP 

The  line  width  is  extremely  narrow  above  190  K  due  to  diffusion  or  some  other 

dynamical  atoms,  but  it  becomes  broader  below  190  K  and  keeps  almost  a  constant 

value  of  AH  =  1.5  ±  0.5  Oe  in  the  temperature  range  from  130  K  down  to  T  of  92  K. 
PP  c 

This  behavior  of  the  line  width  suggests  that  hydrogen  atoms  are  trapped  in  some  sites 
of  the  crystal.  The  temperature  dependence  of  the  line  width  is  similar  to  that  of 
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Fig.  4.  Temperature  dependence  of  peak 
to  peak  separation  of  the  absorption 
derivative  of  NMR  in 

YBagCUaOg  g4Ho  5 


5^  Temerature  dependence  of  I/T2 

of  in  YBa2Cu20g  2 • 

The  solid  line  is  a  curve  calculated 
using  =  4000  8. 


YBa,Cu,0-  ,  [1].  But  is  lower  by  2  K  than  that  of  YBa2Cu30g_94Ho  3- 

“  Previously  [ 1  I  we  measured  the  penetration  depth  of  magnetic  fields  at  -  ^ 

from  temperature  dependence  of  the  line  width  of  NMR  spectra  below  in 

-  -  1  .-krrtrt  V  m£ko<3iir'f^  ^  t  rom 

o 

since  we  can  directly 
inhomogeneous  broadening  of  the  line  width  caused  by  the  change  in  the  penetration 
depth  of  magnetic  fields.  Figure  5  shows  temperature  dependence  of  l/Tg  •  We  o  ain 
the  value  of  to  be  4000  8.  This  value  is  slightly  larger  compared  with  that  ot 
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detailed  investigation  including  measurements  of  temperature 


dependence  of  T,  will  be  reported  elsewhere. 
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We  report  on  the  superconducting  properties  and  nuclear  spin-lattice  relaxation  time  of  H 
in  YBa2Cu305  g^H^,  Bi 2Sr2CaCu20g^yH^  and  Bi^ _5pbo_4Sr2Ca2Cu30,0^^H^.  The  results  indicate 
that  T  remains  almost  unchanged  with  x  for  YBa2Cu30g_gHj^,  T^.  in  Bi2Sr2CaCu20g^yHj^  increases 
with  X  for  XS0.4  and  T^.  of  Bi,  6'’‘»0.4^^2'^®2'^“3°10+y”x  monotonically  decreases  with  x.  Based 
on  the  variation  of  the  Hall  coefficient  with  x  and  iodometric  analysis,  our  results  are 
explained  by  the  model  that  is  largely  determined  by  the  concentration  of  mobile  holes  on 
the  Cu02  plane.  The  relaxation  rate  T^^  of  ‘H  in  TBa2Cu30g_gHgig  is^found  to  be  enhanced 
by  a  factor  of  two  just  below  T^,  and  then  sharply  decreases,  while  T^  in  Bi2Sr2CaCu20g^yHg_24 
drops  without  showing  such  an  enhancement.  The  appearence  of  the  enhancement  in  YBa2Cu30g_gH^ 
may  originate  in  the  rather  weak  interaction  of  'H  near  the  Cu(l)0  plane  with  electron  spin- 
fluctuations  in  the  Cu(2)02  plane. 


1.  Introduction 

The  superconducting  transition  temperature  T^.  in  high-T^.  copper  oxides  is  believed  to  be  a  function 
of  the  concentration  of  hole  or  electron  carrier  on  the  CuOa plane.  Based  on  the  variations  of  T^.  for 
several  series  of  samples  in  the  Lag  Sr  CuO^  and  YBagCUgO^.^  systems,  it  has  been  proposed  that  there  is 
a  maximum  in  T^  near  the  mobile  hole  concentration  of  0.15-0.25  per  CuOg  unit  /I, 2/.  In  these  studies, 
the  hole  concentration  has  been  varied  by  replacing  cations  and/or  changing  oxygen  concentration.  Wide 
experience  has  shown  that  introduction  of  hydrogen  into  metallic  compounds  provides  an  opportunity  of 
changing  carrier  density  of  the  system  leaving  the  crystal  structure  intact  /3/.  In  this  paper,  we 
summarize  our  results  of  the  superconducting  properties  and  the  nuclear  spin-lattice  relaxation  time  of 
•H  in  YBagCUgOggH^,  BigSrgCaCUgOg.^H^  and  Bi^  gPbg^^SrgCagCUgO^g^yH^  /4-8/.  The  results  presented  here 
demonstrate  that  hydrogen  absorption  is  a  new  method  of  changing  carrier  concentration  in  high-T^  super- 
conducting  copper  oxides. 


2.  Superconducting  properties  in  Hydrogenated  High-T^  Copper  Oxides 

We  found  that  YBagCUgOg  g  (YBCO),  BagSrgCaCUgOg^y  (BSCCO)  and  Bi^  gPbg^^SrgCagCUgO^g^ylBPSCCO) 
absorb  a  large  amount  of  hydrogen  up  to  2,  1  and  3  atoms  per  formula  unit,  respectively,  leaving  the 
crystal  structure  and  oxygen  content  intact.  The  unit  cell  volume  increases  by  hydrogenation  for  all  the 
systems.  The  lattice  parameters,  however,  show  different  variation  depending  on  the  system:  For  YBCO, 
the  lattice  parameter  a  increases  but  the  parameters  b  and  c  decrease  with  increasing  H  content  x  for 
x<0.8.  An  orthorhombic  to  tetragonal  transition  occurs  at  x=0.80,  after  that  the  parameter  c  becomes 
almost  constant  for  x  while  the  parameter  a  continues  to  increase  with  x  up  to  x=1.8.  On  the  other  hand, 
both  the  parameters  a  and  c  increase  with  x  for  BSCCO,  whereas  the  parameter  a  decreases  but  c  increases 
with  X  for  BPSCCO, 

Figure  1  shows  the  ac  susceptibilities  as  a  function  of  temperature  for  all  the  systems.  For  the 
host  oxides,  an  abrupt  decrease  is  observed  at  T^,  below  which  the  bulk  diamagnetic  response  appears. 

The  onset  T^  remains  constant  up  to  x=1.0  for  the  YBCO  hydride,  but  the  superconducting  volume  fraction 
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decreases  with  x  after  taking  a  maximum  near  n=0.1.  However,  for  the  BSCCO  hydride,  shifts  to  higher 
temperature  up  to  x=0.4.  For  the  BPSCCO  hydride,  decreases  by  hydrogen  absorption  and  the  volume 

fraction  is  more  strongly  depressed  than  in BSCCO.  The  dependence  of  T  on  x  for  three  systems  is  compared 


In  contrast  with  the  constant  for  the  YBCO 


in  Fig.  2. 

hydride,  of  BSCCO  increases  with  x  and  exhibits  a  broad 
maximum  near  x=0.4,  but  in  BPSCCO  monotonical ly  decreases. 

For  understanding  such  a  significantly  different 

behavior  in  T  (x),  it  is  necessary  to  know  the  chemical  .t! 

^  c 

state  and  the  position  of  hydrogen  in  the  sample.  There-  ^ 

fore,  we  measured  the  Hall  coefficient  of  the  BSCCO  hydrides.  *2 

In  Fig.  3,  the  carrier  concentration  determined  by  the  Hall  '"f 

coefficient  at  290  K  is  plotted  against  x.  For  the  host 

oxide,  the  hole  number  of  n^=3.1xlO^Vcni^  corresponds  to 

0.37  holes  per  CUO2  unit.  It  is  seen  that  the  hole  number 

decreases  linearly  with  x  and  all  the  experimental  points 

are  nearly  on  the  solid  line  expected  from  the  idea  that 

one  introduced  hydrogen  cancels  one  hole  carrier.  This 

asserts  that  hydrogen  behaves  as  proton  H*^  and  the  trans- 

fered  electron  from  hydrogen  actually  goes  into  the  hole 

band  on  the  CuO^  plane.  If  so,  hydrogen  might  occupy 

interstitial  sites  near  the  CuO^  plane  such  as  oxygen 

vacancies  in  the  Ca  plane  in  BSCCO.  The  linear  decrease  of 

n^  observed  here  is  quite  similar  to  that  caused  by  the 
^  3+ 

substitution  of  Y  for  Ca  in  the  system  /9,10/.  This 
result  confirms  that  hydrogen  preferentially  occupy  the 
interstitial  sites  in  the  Ca  plane.  In  Fig.  3,  we  also 
notice  that  the  magnetic  susceptibility  at  290  K  gradually 
decreases  with  increasing  x.  The  decrease  in  both  the  hole 
concentration  and  magnetic  susceptibility  with  x  suggests 
that  the  hole  band  on  the  CUO2  plane  is  gradually  filled 
with  electrons  transfered  from  hydrogen.  The  T^  vs  hole 
concentration  relation  found  in  the  BSCCO  hydride  is  in 
analogy  with  those  found  for  La2_ySryCuO^  and  YBa2Cu30^_y 
71,2/.  The  hole  concentration  per  CUO2  unit  which  T^  takes 
a  maximum  is  estimated  as  -0.18  from  the  present  data. 

This  value  is  in  good  agreement  with  those  at  the  T^  maxima 
in  the  above  systems.  Hence,  an  universal  relation  between 
T^  and  mobile  hole  content  is  likely  to  exist  among  the  hole- 
doped  superconductors.  In  view  of  this  relation,  the  mono¬ 
tonic  decreases  of  Tc  in  BPSCCO  can  be  understood  as  a 
result  of  that  the  hole  concentration  is  at  the  optimum 
for  superconductivity. 

For  the  YBCO  hydride,  the  average  charge  per  Cu-0 
unit  was  determined  by  an  iodometric  titration  technique. 

The  result  indicated  that  hydrogen  also  behaves  as  H^  in 
this  system.  The  combined  results  of  lattice  parameters 
74/  and  the  core  level  X-ray  absorption  spectra  7117 
revealed  that  hydrogen  preferentially  occupies  oxygen 
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vacancies  or  interstitial  sites  near  the  Cu(1)0  plane.  Therefore,  the  number  of  holes  localized  on  the 
plane  should  decrease  by  hydrogenation,  but  the  mobile  holes  on  the  Cu(2)02  plane  do  not  dimmish  so  much. 
This  may  lead  to  the  unchanged  T,  with  x.  We  have  to  note  that  the  superconducting  volume  fraction  is 
diminished  by  hydrogen  absorption  for  the  three  systems.  This  implies  that  superconductivity  in  the 

vicinity  of  hydrogen  is  strongly  suppressed  owing 


to  the  extremely  short  coherence  length. 


X  (H/mol) 

Fig.  2  Relative  superconducting  transition 
temperature  T^(x)/T^{0)  plotted  against 
hydrogen  concentration  x  for  the  YBCO,  BSCCO 
and  BPSCCO  hydrides. 
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Fig.  3  Carrier  concentration  and  magnetic 
susceptibility  as  a  function  of  hydrogen 
concentration  x  for  the  BSCCO  hydrides  at  290  K. 


3.  Nuclear  Spin-Lattice  Relaxation  Time  of  Proton  in  the  Hydrogenated  High-T^.  Copper  Oxides 

Figure  4  shows  the  recovery  curves  of  the  nuclear  magnetization  M(t)  of  'H  at  58  MHz  in 
YBa  CUoO,  qH  .  For  all  the  samples,  the  time  dependence  of  M(t)  is  not  of  a  single-exponential  type  in 
the^eieratilre  regions  both  above  and  below  T^,  but  consists  of  two  conponents  with  very  short  and  long 
relaxation  times.  As  is  seen  in  Fig.  4(a),  the  decay  of  the  short-component  strongly  depends  on  the 
particle  size  rather  than  the  concentration  of  hydrogen.  Such  a  short  relaxation  of  ‘H  with  T^  ~1  ms 
has  been  reported  in  degraded  and  oxygen-deficient  surface  of  powders  of  YBCO  where  the  Cu-ions  have  free 
magnetic  moments  /12/.  Hence,  we  suppose  that  the  short -component  comes  from  the  oxygen  deficient  surface 
of  the  powders.  On  the  other  hand,  the  slope  of  the  M(t)  curve  of  the  long-conponent  is  independent  of 
the  particle  size.  Thus,  the  value  of  T^  was  determined  from  the  slope  of  the  M(t)  curve  where  the 
relaxation  is  fully  of  exponential  type. 

The  relaxation  rate  1/T,  at  58  MHz  for  the  YBCO  hydrides  is  plotted  as  a  function  of  temperature 
in  Fig.  5.  All  the  data  with  x=0.18  fall  on  the  same  curve  for  the  fine-powder  aged  7  months  and  the 
coarse-powders  aged  4  and  7  months.  With  decreasing  temperature  from  294  to  120  K,  the  rate  for  x=0.18 
decreases  by  one  order  of  magnitude  and  does  not  follow  the  Korringa  relation  of  T^T=const.  At  a  low 
temperature  of  -105  K,  there  appears  a  small  hump,  which  may  not  be  attributable  to  a  residual  diffusion 
mode  of  hydrogen.  Much  more  pronounced  is  the  sharp  peak  just  below  T^=92  K.  At  the  peak  temperature  of 
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86  K  (T/T^=0.93),  the  rate  is  enhanced  by  a  factor  of  two.  Here,  we  recall  that  hydrogen  preferentially 
occupies  the  oxygen  vacancies  or  interstitial  sites  near  Cu(l)0  plane  for  xiO.4.  In  this  plane  apart 
from  the  Cu(2)02  plane,  the  influence  of  the 
spin-fluctuation  of  the  Cu(2)  spins  may  be 
diminished  so  that  the  relaxation  rate  of  'H 
could  be  as  small  as  in  the  usual  metal 
hydrides  /13/.  Therefore,  the  enhancement 
in  the  rate  may  be  understood  as  the  effect 
of  the  piling  up  of  the  density  of  states  at 
the  gap  edge  as  in  the  case  of  ordinary  super¬ 
conductors.  In  the  sample  with  x=0.63,  the 
relaxation  rate  is  higher  than  that  for  x=0.18 
in  the  overall  temperature  range,  which  may  be 
ascribed  to  mutual  spin-flips  between  neighbor¬ 
ing  'H  spins.  The  broad  superconducting 
transition  and  the  small  volume  fraction  of 
this  sample  might  have  masked  the  enhancement. 

In  Fig.  6,  we  show  the  variation  of 
1/T^  with  temperature  for  the  BSCCO  hydrides 
with  x=0.24  and  0.42.  Compared  the  result  of 
x=0,24  with  that  of  the  YBCO  hydride  with 
x=0.18,  the  rate  1/T^  is  about  half  of  the 
latter  but  the  temperature  dependence  is 
very  similar  in  the  normal  state.  In  the 
range  from  100  K  to  85  K  (=T^),  the  rate 
remains  constant  and  commences  to  decrease 
at  T^  without  showing  any  enhancement. 

We  here  recall  that  hydrogen  in  BSCCO 

preferentially  occupies  interstitial  sites  in  the  Ca  plane  sandwiched  by  two  Cu(2)02  planes. 


Fig.  4  Time  dependence  of  nuclear  magnetization  A/{/)  of ‘Hat 
58  MHz  in  Yba2Cu306,9Hj^wiih  a'=0.  1 8;  coarse-powder  aged 
4  months;  O,  fine-powdcr  aged  7  months;  X»  coarse-powder  with 
x=i0.63  aged  4  months  at  (a)  294  K  and  (b)  87  K. 


Fig.  5  Temperature  dependence  of  l/T,  of  'H  at  58  MHz  in 
YBa2Cu306.9Hx  with  ;c=0. 1 8;  O.  coarsc-powder  aged  4  months; 
▲  ,  coarse-powder  aged  7  months;  □,  fine-powder  aged  7  months; 
coarse-powder  with  x=s0.63  aged  4  months. 


Fig.  6  Temperature  dependence  of  I /Ti  of  ‘H  at  58  MHz  in 
Bi2Sr2CaCu2O|.,rfH;tWiihx=0.24  (O)  and  0.42  (□). 
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Hence,  the  rather  small  rate  suggests  that  the  interaction  of  hydrogen  in  the  Ca  plane  with  the 

Cu(2)  spins  is  also  weak.  This  result  seems  to  be  consistent  with  the  very  low  relaxation  rate  of  Y  ^ 

YBCO  /15/,  since  the  crystallographic  configuration  of  the  Ca  plane  in  BSCCO  is  similar  to 

plane  in  YBCO.  From  the  absence  of  enhancement  in  the  relaxation  rate  for  the  BSCCO  hydride  in  Fig.  6 

we  may  deduce  that  the  interaction  of  'H  in  the  Ca  plane  with  the  superconducting  carriers  is  weaker 

that  of  'H  in  the  Cu(l)0  plane  in  the  YBCO  hydride. 
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The  time  differential  perturbed  angular  correlation  method,  which  is  an 
alternative  to  the  1  ^  substituted  NMR,  was  applied  to  the  study  of  the 
high  Tj,  oxides.  The  spin  rotation  signal  was  observed,  and  the  internal 
field  was  determined  with  the  accuracy  of  about  1%, 


The  hyperfine  interaction  at  oxygen  site  in  oxide  superconductors  is  one  of  the 
most  informative  properties  to  study  high  T,,  mechanism.  So  far,  the  NMR  of  1 ’q  „hich 
substituted  0  in  the  oxides  have  been  reported.  We  present  in  this  report  the 
results  of  the  time  differential  perturbed  angular  correlation  (PAC)  method,  which  is 
an  alternative  to  the  substituted  NMR. 

The  principle  of  this  method  is  as  follows.  The  197  keV  isometric  state  of 
F(I=5/2,t  =  128  nsec)  is  produced  by  the  reaction  16o(a,P)19p.  This  spin  state  is 
highly  aligned  after  the  reaction,  and  its  spin  rotation  in  magnetic  field  can  be 
traced  as  a  time  distribution  of  the  Y-rays.  When  the  produced  1 is  properly 
substituted  for  the  oxygen  in  the  oxide,  we  can  obtain  internal  field  at  the  oxygen 
site  from  the  rotation  pattern.  In  the  case  of  Mn0,[1]  the  results  of  the 
paramagnetic  shift  implied  that  1 is  correctly  substituted  for  oxygen. 

In  the  experiment,  we  first  optimized  the  energy  of  a -beam  from  the  INS  SF- 
cyclotron  to  achieve  the  best  signal  to  noise  ratio  for  the  197  keV  Y-ray  from  ''^F 
isomer.  The  main  sources  of  the  noise  Y-ray  were  produced  by  the  reaction 

u  a,P)  Ga  and  the  pair-annihilated  positrons  emitting  511  keV  Y-ray  which  makes 
broad  peak  around  200  keV  owing  to  the  Compton  scattering.  We  found  the  best  S/N  ratio 

was  obtained  at  the  energy  of  21  MeV.  For  this  energy,  the  period  of  the  beam  was 
fixed  to  be  133  nsec. 

up  to  now,  we  studied  Laj,  _  g  gSr  q  ^  ^  ^CuO^  ceramics,  YBa2Cu307  ceramics, 
i2  r2CaCu20Q  ceramics,  ^SrQ ^ ^ CuO^  single  crystal  and  La2Cu04  ceramics  at  room 

temperature.  We  used  the  samples  thick  enough  to  stop  the  a-beam  with  the  energy  of  a 
ew  tens  MeV.  An  external  magnetic  field  of  1.312  T  was  applied  on  the  sample 
perpendicularly  to  the  beam-detectors  plane.  The  Y-ray  was  detected  by  a  pair  of 
Nal(Tl)  scintillators  (2"  x  1")  placed  at  +  135  degrees  to  the  beam.  The  time 
spectrum  of  y-ray  with  energy  gates  were  accumulated  on  a  computer.  To  see  the  time 
spectrum  along  energy  axis  in  detail,  we  also  accumulated  the  Y-ray  histogram  on  the 
energy-time  plane  on  another  computer  by  taking  both  values  of  energy  and  time  for 
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each  Y-ray  through  a  parallel  interface.  We  measured  time  spectrum  of  each  target 

for  about  8  hours.  ,  t  ^ 

Figure  1  shows  an  example  of  Y-ray  count  histogram  on  time-energy  plane  for  the 

Bi  sample.  Spin  rotation  pattern  was  observed  around  the  peak  energy  of  197  keV.  We 
observed  similar  spin  rotation  patterns  for  all  the  samples.  We  show  in  Fig.2  the 
normalized  time  spectrum  of  the  +135  degree  counter  (N^)  subtracted  from  that  of  the  - 
135  degree  counter  (N_)  for  the  YBa2Cu307  sample.  Here  we  normalized  the  counts  of  Y- 
ray  by  the  total  count  ofY-ray  in  the  delayed  part.  The  data  of  the  asymmetry  (N^-N_ 
)/(N  +N_)  is  shown  in  Fig. 3  for  the  same  sample. 

*The  observed  rotation  patterns  as  shown  in  Fig. 3  were  fitted  to  the  formula 

f(t)=  Asin(2(0Lt  +  B)  19 

with  A,  B  and  as  fitting  parameters.  The  values  of  the  Larmor  frequency  of  F, 
(u.,  were  obtained  by  the  analysis,  and  agreed  with  the  reported  valueI2]  within  the 
experimental  accuracy  of  about  1.5  %  in  all  the  samples.  A  part  of  this  error 
originated  from  the  measured  magnetic  field  strength.  The  statistical  error  was  less 

than  1  %. 

The  fitted  value  of  the  asymmetry  A  was  around  6  %,  and  is  about  one  half  of  that 
reported  in  ref.1  for  CoO.  In  the  present  experiment,  the  asymmetry  was  reduced 
because  the  FWHM  of  the  time  spectrum  of  thea-beara  was  more  than  5  nsec  and  was  only 

one  third  of  the  half  period  of  the  rotation. 

We  also  analyzed  the  rotation  patterns  (N^-N_)  by  fitting  them  to  the  formula 

g(t)=  Asin(2uLt+B)exp(-t/T) 

with  A,  B,  loj.,  T  as  fitting  parameters.  Without  any  source  of  the  relaxation  in  the 
spin  rotation,  the  decay  constant,  t  ,  should  be  the  life  time  of  the  isomer.  After 
the  analysis,  we  found  that  the  values  of  t  agreed  with  the  life  time  within  the 
experimental  accuracy.  We  observed  no  sign  of  spin  relaxation  within  130  nsec  in  all 
the  samples.  This  is  quite  in  contrast  to  the  results  in  uSR  at  oxygen  site.  In  the 
latter  case,  the  rotation  pattern  was  missing  in  YBa2Cu307  although  it  was  clearly 
observed  in  La^^Sr-j  _j^CuO. 

In  these  analyses,  we  found  no  effect  of  nuclear  quadrupole  interaction  within 
our  experimental  accuracy.  The  measured  quadrupole  width  of  the  samples  is  commonly 
narrower  than  a  few  tens  mT.  At  present,  the  reason  for  the  absence  of  the 
interaction  is  unknown. 

To  conclude,  we  have  shown  that  PAC  method  can  be  successfully  applied  to  the 
high  Tg  oxides.  We  are  now  preparing  the  measurement  of  the  internal  field  at  low 
temperatures. 
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An  example  of  y-ray 
count  histogram  on  the 
time-energy  plane. 

Data  are  shown  for 
the  ® i 2 ^ ^2 ^^2 ^8 
ceramics. 


Fig.  2 

N^-N_  for  YBa2Cu30y 
ceramics . 


Fig. 3 

Spin  Rotation  pattern, 
(N^-N_)/(N^-N.) ,  of 
’ for  YBa2Cu307 
ceramics. 
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Magnetic  properties  of  oxide-superconductors  have  been  studied  by  /r*SR  methods. 

(A)  SR  studies:  r  j  • 

1)  In  the  Bi2_,La,Sr2CuO,  system,  antiferromagnetc  orderings  have  been  » 

the  insulating  phase  and  the  magnetic  phase  diagram  was  found  to  be  similar  to  that 
of  Bi2Sr2Y1-.Ca.Cu2O,  system.  The  3-dimensional  magnetic  ordemg  temperature 
Tn  seems  to  have  no  correlation  with  the  number  of  CU2-O  layers  in  these  compoun  s, 
while  the  superconducting  transition  temperatures  Tc  seem  to  increase  wih  the  numbe 
of  Cu2-0  layers.  (2)  Antiferromagnetic  ordering  have  been  ob^rv^  in  the  insula  mg 
phase  of  the  newly  discovered  high-Tc  superconductor  Eu6Ba4Ce2Cu90,.  (3^)In  orde 
to  consider  a  possibility  of  anyon  state  in  high-T.  superconductors,  we  studied  whether 
there  exist  a  static  magnetic  field  of  electronic  origin  in  the  superconducting  ph^e  of 
high-Tc  superconductor  YBa2Cu307  or  not  ,after  the  determination  of  the  /i  sites  in 
YBa2Cu307  from  the  studies  of  M'^local  magnetic  fields  of  YBa2Cu306  and  GdBa2Cu307  • 
(4)  YBa2Cu2.76Feo.2407sampl€S  prepared  by  different  thermal  annealing  process  were  s  u 
ied  by  /i'^SR  and  the  clustering  of  Fe  atoms  has  been  observed. 

(B)  u"  SR  studies:  ,  r  • 

^1- paramagnetic  shifts  at  oxygen  atom  sites  were  measured  in  the  normal  state  of  vwious 
oxide-superconductors  (YBa2Cu307  ,  La2_.Sr.Cu04-«  ,  Nd2_,Ce.Cu04-«and  L1T12O4) 
and  the  related  oxide-insulators  (La2Cu04-^  and  CuO  )  and  they  w^re  compared  with 
one  another. 


As  magnetism  may  have  some  relation  with  a  su¬ 
perconducting  mechanism  of  recently-  discovered  copper- 
oxide  superconductors,  we  have  applied  /i*SR  methods  to 
magnetism  studies  of  oxide-superconductors.  The  exper¬ 
iments  were  performed  at  KEK-BOOM  of  Meson  Science 
Laboratory  of  University  of  Tokyo,  and  at  TRIUMF,  the 
meson  factory  at  Vancouver  in  Canada  in  collaboration 
with  the  /iSR  group  at  University  of  British  Columbia 
and  TRIUMF.  In  the  followings,  the  /i*SR  results  of 
this  year  are  summarized. 


SI  Studies  of  Magnetic  Properties  of 

Oxide-superconductors  by 
1.1  Antiferromagnetism  Studies 

:Bi2-rba*Sr2CuOy  and  Eu6Ba4Ce2Cu90y 

The  /i+SR  method  was  very  powerful  to  detect 
static  or  quasi-static  magnetic  ordering  in  high-  Tc  super- 
conduc-  tor-  related  magnetic  oxide-  insulators,  as  suc¬ 
cessfully  applied  to  studies  of  the  magnetic  phase  dia¬ 
grams  of  YBa2Cu30r  [1]  or  Bi2Sr2Yi.-xCaa;Cu20y  [2,3]. 


This  means  that  /i+SR  method  was  used  as  a  very  sensi¬ 
tive  magnetometer.  Due  to  two-  dimensional  character  of 
the  magnetism  in  these  copper-  oxide  insulators,  bulk  sus¬ 
ceptibility  measurements  were  rather  difficult  to  detect  an 
anomaly  at  3-dimensional  magnetic  ordering  temperature 

Tn  . 

This  year  we  applied  p“*’SR  method  to  the 

Bi2-*LaxSr2CuOy  and  the  newly-discovered 
Eu6Ba4Ce2Cu90y  systems.  In  the  insulating  phases  of 
both  Bi2-*La*Sr2CuOy  [4]  and  Eu6Ba4Ce2Cu90y  [5]  we 
have  succeeded  in  finding  an  antiferromagnetic  ordering. 
In  the  Bb-*  La*Sr2CuOy  system  the  magnetic  phase  dia¬ 
gram  similar  to  those  of  La2-x  AxCu04-i  (A=Sr  or  Ba)  , 
YBasCuaOx  ,  Bi2Sr2Yi_^Ca*Cu20y  has  been  obtained 
as  shown  in  Fig.l.  The  studies  of  Eu6Ba4Ce2Cu90y  are 
now  in  progress. 

In  all  these  copper-  oxide  systems  the  following  pic¬ 
ture  holds:  The  superconductivity  and  the  antiferromag¬ 
netism  have  been  found  to  compete  against  each  other; 
as  holes  are  doped  into  the  parent  antiferromagnetic  in¬ 
sulators,  the  superconductivity  sets  in  where  the  anitifer- 
romagnetism  disappears. 
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Fig.  1  Magnetic 
Phase  Diagrams  of 
3i 2  (Sr i ^  2 ^ 
and 

Bi2Sr2Yi-xCaxCu20y. 


In  Bi2Sr2Yi«j;CaxCu20y  (2212  compound  with  two 
Cu2-  0  layers  and  is  about  80 K  in  the  superconduct¬ 
ing  phase)  and  Bi2-a:LaxSr2CuOy  (221  compound  with 
one  Cu2-0  layer  and  Tc  is  20'^^30  K),  we  studied  the  cor¬ 
relation  of  3-d  magnetic  ordering  temperature  Tn  with 
the  number  of  Cu2-0  layers.  There  seems  no  correla¬ 
tion  ,  while  the  superconducting  transition  temperature 
increases  with  increment  of  Cu2-0  layers.  This  fact  may 
give  information  about  the  interaction  between  CU2O  lay¬ 
ers  and  it  is  now  under  considertations. 

1.2  u'^SR  Studies  of  YBa‘>Cu9  7fiFer>  oaO? 

A  lot  of  Mossbauer  experiments  were  performed 
on  YBa2Cu3_xFex07  to  know  the  electronic  state  at  Fe 
atoms  which  are  substituted  for  Cu  atoms.  However,  as 
the  substitution  sites  have  not  been  well  studied,  the  dis¬ 
cussion  is  not  so  clear.  We  performed  experiments 

on  two  samples  of  YBa2Cu2.76Feo.24O7  which  were  pre¬ 
pared  in  two  different  thermal  processes:  One  was  pre¬ 
pared  in  the  same  way  as  YBa2Cu307  is  usually  pre¬ 
pared  and  it  is  tetragonal.  The  Tc  was  about  50K.  The 
other  was  prepared  as  follows;  at  first  the  oxygen  atoms 
were  removed  from  YBa2Cu2.76Feo.24O7  and  insulating 
YBa2Cu2.76Feo.24O6  was  prepared.  Then  the  oxygen 
atoms  were  introduced  into  YBa2Cu2.76Feo.24O6  by  an¬ 
nealing  the  sample.  Thus  prepared  YBa2Cu2.76Feo.24O7 
was  orthorhombic  and  the  Tc  was  about  90K.  The  re¬ 
sults  of  /i'^SR  on  these  YBa2Cu2.76Feo.24O7  are  as  fol¬ 
lows:  (1)  In  tetragonal  YBa2Cu  2.76  Feo.  24  O7  ,  a  spin-glass¬ 
like  ordering  was  observed  at  20  K.  (2)  In  orthorhombic 
YBa2Cu2.76Feo.24O7,  /i'*'SR  revealed  that  there  exist  two 


magnetically  different  parts  in  the  sample;  they  were  in¬ 
terpreted  as  2/3  magnetic  part  which  seems  to  make  a 
spin-glass-like  ordering  at  about  40  K  and  1/3  supercon¬ 
ducting  part.  In  YBa2Cu2.76Feo.24O7  it  is  considered  that 
a  region  with  rich  Fe  atoms  was  formed  by  annealing  and 
shows  a  higher  magnetic  ordering  temperature  than  in 
tetragonal  YBa2Cu2.76Feo.24O7.  From  the  /x'^SR  studies 
the  superconductivity  in  both  YBa2Cu2.76Feo.24O7  looks 
percolative.  Now  detailed  analyses  of  the  /x+SR  results 
are  in  progress  as  well  as  Mossbauer  experiment  results 
on  the  same  samples. 

1.3  Anvon  search  in  high-T/.  superconductors  bv  xx‘*'SR 
As  reported  in  our  previous  /x+SR  work  on 

YBa2Cu30x  [1],  in  the  superconducting  phase  has 
not  detected  magnetism  of  electronic  origin.  Here,  this 
statement  is  discussed  qualitatively.  In  Fig. 2  are  shown 
the  /x+  spin  relaxation  function  G,(t)*s  of  YBa2Cu307  in 
zero  external  field:  Below  200  K  they  have  the  same  shape 
and  are  well  fitted  by  a  static  gaussian  Kubo-Toyabe  func¬ 
tion  with  A  =  0.12  fis-K  Above  200K  they  are  nar¬ 
rowed  due  to  /x"*"  motion.  This  means  that  in  the  su¬ 
perconducting  phase  at  low  temperatures  static  magnetic 
fields  distributed  around  zero  with  a  standard  deviation 
of  1.4  G  have  been  probed  by  /x+  .  Recently  it  was 
proposed  that  superconducting  states  of  high-Tc  copper- 
oxide  superconductors  might  be  time-reversal-symmetry 
broken  (anyon  model)  and  static  magnetic  fields  might 
be  observed  by  /x'^'SR  in  the  superconductor  even  under 
zero  external  field  [7],  Let  us  discuss  the  above  men¬ 
tioned  static  magnetic  fields  observed  in  superconducting 
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Fig.  2  m”*"  spin  relaxation  in 

YBa2Cu307  under  zero  external 
magnetic  field  at  various 
temperatures . 


YBa2Cu307  qualitatively. 

From  the  analysis  of  /i"*"  hyperfine  magnetic  fields  in 
antiferromagnetically  ordered  YBa2Cu306 
and  GdBa2Cu307  ,  we  were  able  to  determine  the 
sites  in  YBa2Cu307  as  follows:  Implanted  /i+  ’s  make 
/i'*’  -oxygen  bondings  (analogous  to  OH  radicals)  with 
any  oxygen  atoms.  The  takes  its  orientation  as 

far  as  possible  from  cations  Cu"^^,  Ba"^^  and  Y"^  and  it 
is  slightly  modified  by  being  attracted  by  negative  O'^’s. 
When  we  calculate  the  second  moments  of  nuclear  mag¬ 
netic  dipolar  fields  from  Cu,  Y  and  Ba  nuclear  magnetic 
moments  at  those  proposed  sites,  they  almost  coincide 
with  the  observed  experimental  value.  AS  the  observed 
static  magnetic  fields  are  able  to  be  explained  by  nuclear 
magnetic  dipolar  fields,  we  should  say  that  anyon  states 
have  not  been  detected  by  . 

^2  Studies  of  Oxide-Suoerconductors  by  /i'^SR  . 

When  /i“ ’s  are  used  for  studies  of  oxidesuperconduc- 
tors,  another  feature  will  appear;  as  /i“’s  implanted  into 
a  material  are  trapped  by  nuclei  and  form  quasi-nuclei 
with  a  large  magnetic  moment,  fi  SR  is  able  to  give  in¬ 
formation  about  the  electronic  state  at  the  oxygen  sites 
of  oxide-superconductors  (0/i  is  equivalent  to  nitrogen, 
when  it  is  seen  from  surrounding  electrons).  We  applied 
/x-SR  to  several  oxide-superconductors  and  the  related 
insulators  (YBa2Cu307  j  Nd2-.xGe3yCu04-5  (x=0.15, 
oxygen-reduced  sample  (superconductor)  and  oxygen-  an¬ 
nealed  sample  (non-  superconductor)),  LiTi204  , 
La2Cu04-«  and  CuO  )  and  measured  the  O/x’*  para¬ 
magnetic  shifts  in  6  kG  at  300K.  Good  /x  SR  signals 
have  been  observed  in  Nd2-xCe*Cu04_5  ,  LiTi204  , 
La2Cu04-.6  and  CuO.  Nishiyama  et  al  have  observed  /x" 
SR  signals  in  La2-xSrxCu04-5  ,too. 

However,  in  YBa2Cu307  no  /x”  precession  signal 
has  been  observed.  Further /x“ SR  experiments  have  been 


performed  in  6  kG  at  lOOK  and  0.3kG  at  300 K,  but  still 
no  /x"SR  signal.  It  was  concluded  that  Ti  of  0/x'  in 
YBa2Cu307  will  be  very  short  (shorter  than  200  ns). 
The  results  on  YBa2Cu307  will  be  discussed  more  in  de¬ 
tail  later.  In  Fig.3  the  paramagnetic  shifts  of  /x“  0  thus 
far  measured  at  30 OK  are  summarized  and  plotted  against 
the  bulk  magnetic  susceptibilities.  In  copper-oxides  0/x" 
paramagnetic  shifts  are  all  positive  and  the  order  of  10  , 

whether  they  are  superconductor  or  insulator.  In  electron 
carrier  Nd2-xCexCu04-«  0/x”  paramagnetic  shifts  were 
about  3  X  10”^  and  do  not  depend  on  the  oxygen  han¬ 
dling  procedure.  In  LiTi204 , 0/x  paramagnetic  shift  is 
very  small  (more  than  one  order)  , though  the  bulk  mag¬ 
netic  susceptibility  is  similar  to  those  of  copper  oxides. 
This  small  shift  might  be  explained  as  follows;  in  oxide- 
insulators  for  transition  elements  at  the  latter  part  in  the 
periodic  table,  the  Cu  3d  and  O  2p  levels  are  close  and 
strongly  hybridized  each  other.  Then,  due  to  a  charge 
transfer  between  Cu++  and  O””,  a  large  paramagnetic 
shift  might  be  expected.  On  the  other  hand,  in  oxide- 
insulators  for  those  at  the  early  part,  O  2p  level  is  situ¬ 
ated  at  a  deep  position  compared  with  Cu  3d  level.  Then, 
a  charge  transfer  will  not  be  expected  and  a  small  para¬ 
magnetic  shift  might  be  observed.  The  consideration  is 
consistent  with  photo-emission  studies  of  transition  ele¬ 
ment  oxides. 

Non-observation  of  /xSR  signal  in  a  stoichiometric 
YBa2Cu307  and  observation  of  /xSR  signals  in  doped- 
oxide  superconductors  La2-xSra,Cu04-5  or 
Nd2-xCe,Cu04-6  are  very  puzzling,  but  interesting  and 
worthwhile  thinking  deeply  about  the  reasons. Because 
(1)  YBa2Cu307  is  considered  to  be  more  homogenious 
and  uniform  than  Sr  doped  La2_xSrxCu04-6  or  Ce- 
doped  Nd2-xCexCu04-6  (our  sample  quality  was  con¬ 
firmed  by  NQR  measurement).  (2)If  we  scale  O/x”  Ti  in 
YBa2Cu307  from  the  0^’'-Ti  (10  msec  at  300K  and  35 
msec  at  lOOK)  only  by  their  magnetic  g-factors,  /x“  Ti  is 
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40  times  shorter  than  the  Ti  ;  that  is  250  sec  and 
825  pi  sec  at  300K  and  lOOK.  The  0/i”  is  considered  to 
be  a  nitrogen  atom  for  surrounding  electrons.  From  this 
respect  it  can  be  speculated  that  the  carrier-holes  are  at¬ 
tracted  by  0/4“  and  localized  there;  and  if  they  have  local¬ 
ized  magnetic  moments,  fast  depolarization  of  /t”  might 
take  place.  However,  in  doped  oxide-superconductors 
such  as  La2-.rSra.Cu04_5  or  Nd2-*CexCu04-5  or  the  re¬ 
lated  insulators  La2Cu04_5  or  CuO  we  were  able  to  ob¬ 
serve  jxSR  signal  easily,  as  described  before.  Then,  we 
have  to  reconsider  the  /tSR  signal  in  La2-rSra.Cu04_5 
or  Nd2-rCej;Cu04-.^  ,  too.  It  is  interesting  if  this  short 
Ti  have  some  relation  with  the  difference  of  Tc  ,  80- 
90K  in  YBa2Cu307  and  30-40  K  in  La2~rSrxCu04-5 
or  Nd2-xCea;Cu04_5  .  The  /iSR  experiment  on  another 
stoichiometric  oxide  superconductor  Bi2Sr2CaCu20y  will 
make  the  problem  clearer. 

The  discussions  about  the  /i”*  SR  results  based  on 
the  models  proposed  to  explain  high-Tc  superconductivity 
will  give  us  more  information  to  understand  them. 
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Magnetic  behaviors  of  La2_xSrxCuO^(  X=0, 0 . 1  5 , 0 . 4)  were  studied  from  '’‘'^Sn 
and  ^"^Fe  MOssbauer  spectroscopy.  For  all  cases,  spectra  at  4.2K 

show  magnetic  hyperfine  splittings.  On  the  other  hand,  a  magnetic 
hyperfine  field  at  Sn  nucleus  is  observed  only  in  the  case  of 
La.|  g5SrQ  ^^CuO^.  The  results  indicate  that  the  Cu  magnetic  spins  are 
collectively  fluctuating  in  the  superconducting  sample. 


^'^Fe  RESULTS  ,  . 

MBssbauer  results  on  YBCO  were  reported  last  year.  This  year,  by  utilizing  Sn 
and  MBssbauer  spectroscopy,  La2_xSrxCuO^  compounds  have  been  studied.  Hereafter, 
La2Cu04,  Lai.gjSro.ijCuO^  and  La^ . 6Sro.4Cu04  are  abbreviated  as  Sr(0),  Sr(0.15)  and 
Sr(0.4),  respectively.  Figure  1  shows  the  MBssbauer  spectra  at  300K  of  Fe  impurities 
in  Sr(0),  Sr(0.15)  and  Sr(0.4)  whose  Fe  concentrations  are  1.5%  of  Cu.  All  the  spectra 
consist  of  quadruple  doublets.  The  values  of  isomer  shift  and  quadruple  splitting  are 
listed  in  Table  1.  Except  for  the  case  of  Sr(0.4),  the  spectra  are  well  fit  by 
assuming  single  values  for  isomer  shift  and  quadruple  splitting.  The  spectrum  for 
Sr(0.4)  has  somewhat  larger  line  widths  and  is  asymmetric.  Therefore  a  better  fitting 
is  obtained  by  assuming  the  existence  of  a  minority  fraction  with  slightly  different 
parameters.  Since  there  is  only  one  Cu  site  in  the  structure  of  LasCuO^,  the  spectra 
are  much  simpler  than  those  for  YBa2Cu307  compounds  /I/.  In  order  to  fit  the  MBssbauer 
spectra  for  Fe-doped  YBa2Cu307  compounds,  three  (or  even  more)  types  of  quadruple 
doublets  are  necessary  to  be  assumed.  The  Isomer  shift  values  in  the  present  compounds 
are  intermediate  between  the  typical  values  for  Fe^'*’  and  Fe^'*'  states.  Small 
dependences  on  the  Sr  concentration  are  observed  among  the  values  of  isomer  shift  and 
quadruple  splitting  but  it  seems  difficult  to  discuss  the  relation  with 
superconductivity. 

At  4.2K,  all  samples  show  magnetic  hyperfine  splittings,  as  shown  in  Fig.  2. 
Nishihara  et  al/2/.  Already  reported  the  spectra  of  Fe  impurities  in  Sr(0)  between 
290K  and  77K,  and  estimated  the  Neel  temperature  to  be  about, 220K.  The  present  result 
on  Sr(0)  is  in  consistent  with  theirs.  It  is  to  be  noted  that  hyperfine  fields  are 
also  observed  in  the  cases  of  Sr(0.15)  and  Sr(0.4).  The  concentration  of  Fe  Impurity 
is  only  1.5%  of  Cu.  If  these  is  no  spin  correlation  among  Cu  atoms,  each  Fe  atom 
should  behave  as  paramagnetic  and  the  magnetic  hyperfine  structure  cannot  be 
observed.  The  present  result  therefore  suggests  the  existence  of  collective  spin 
fluctuations  in  these  Cu  compounds.  Impurity  Fe  atoms  may  play  a  role  to  pin  the  spin 
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fluctuations . 

According  to  the  susceptibility  measurement  on  Sr(0.15)  sample  doped  with 
Fe(Fe/Cu=1%) ,  the  onset  of  superconducting  Tc  is  10. 7K  and  the  diamagnetization  at  4.2K 
is  about  40%  of  non-doped  Sr(0.15)  sample.  Thus,  the  Fe-doping  significantly  disturbs 
the  superconductivity  in  Sr(0.15).  From  a  microscopic  viewpoint  the  doped  sample  is 
not  a  homogeneous  superconductor  but  may  be  a  mixture  of  super-  and  non-superconducting 
domains.  However,  it  is  no  doubt  that  the  superconducting  fraction  is  not  very  small 
and  a  certain  amount  of  Fe  atoms  should  be  included  in  the  superconducting  fraction. 
The  obtained  spectra  indicate  that  all  Fe  atoms  are  in  a  magnetically  ordered  state,  or 
participating  in  collective  spin  fluctuations  with  a  slow  relaxation  rate.  This  result 
suggests  the  coexistence  of  superconductivity  and  collective  spin  fluctuations. 

The  average  hyperfine  fields  at  4.2K  are  listed  also  in  Table  1.  The  value  for 
Sr(0)  is  486k0e  and  decreases  with  the  increase  of  Sr  concentration.  The  spectra  of 
Sr(0.15)  and  Sr(0.4)  are  very  broad  and  for  the  fitting,  we  have  to  assume  a 
considerable  distribution  of  hyperfine  field.  The  solid  lines  in  the  figure  were  drawn 
by  assuming  static  distributions  of  hyperfine  field.  However  it  is  very  probable  that 
dynamical  f luactuations  of  hyperfine  field,  like  the  superparamagnetic  case,  is  a 
predominant  reason  for  the  line  broadenings.  The  temperature  dependences  are  not  yet 
measured  and  therefore  the  values  at  absolute  zero  are  not  obtained.  For  a  further 
discussion,  we  need  spectra  with  better  s ignal-to-noise  ratios  as  a  function  of 
temperature  but  the  measurements  require  extremely' long  time. 

Comparing  the  three  spectra,  we  find  an  interesting  feature,  in  Fig. 2,  although 
the  spectra  are  very  broad.  Because  of  a  quadruple  interaction,  the  location  of 
magnetically  split  six  lines  is  not  symmetric.  The  profile  suggests  that  the  spin 
direction  in  Sr(0.4)  is  different  from  the  other  two.  For  the  interpretation  of  the 
spectra  for  Sr(0)  and  Sr(0.15),  the  angle  between  the  magnetic  field  and  the  principal 
axis  of  electric  field  gradient  (efg)  is  assumed  to  be  90^.  The  sign  of  efg  is  taken 
as  positive.  In  contrast,  for  the  fitting  of  the  Sr(0.4)  spectrum,  the  angle  has  to  be 
assumed  as  0^.  If  the  nature  of  efg  is  the  same  for  the  three  cases,  the  present 
result  means  the  change  of  magnetic  spin  direction.  If  the  principal  axis  is  along  the 
crystallographic  c-axis,  the  spin  direction  in  the  cases  of  Sr(0)  and  Sr(0.15)  is  in 
the  Cu-0  plane  but  that  in  Sr (0.4)  is  perpendicular  to  the  plane.  At  the  present 
stage,  the  reason  of  this  spin  directional  change  is  not  clear  and  whether  it  is  an 
intrinsic  property  of  the  Cu  oxide  or  a  phenomenon  caused  by  the  Fe-doping  cannot  be 
judged. 

'''''^Sn  RESULTS 

The  Mflssbauer  spectra  at  300K  of  impurities  in  Sr(0),  Sr(0.15)  and  Sr(0.4) 
are  shown  in  Fig.  3*  Each  spectrum  consists  of  a  quadrupole  doublet  and  the  values  of 
isomer  shift  and  quadrupole  splitting  are  listed  in  Table  2,  which  are  typical  for  Sn^'*' 
state.  The  isomer  shifts  are  almost  the  same  but  the  quadrupole  interactions  are 
slightly  different.  Figure  4  shows  the  spectra  at  4.2K.  Although  Sr(0)  is  known  to  be 
antiferromagnetic,  the  spectrum  does  not  show  any  magnetic  hyperfine  splitting.  If  a 
Sn  atom  substitutes  for  a  Cu  site  in  the  antiferromagnetic  La2CuO^  crystal,  the  nucleus 
has  to  detect  a  magnetic  hyperfine  field.  This  result  indicates  that  Sn  atoms  are  not 
dissolved  in  La2Cu0^  but  are  forming  an  impurity  phase.  On  the  other  hand,  the 
spectrum  for  Sr(0.15)  shows  a  very  broad  splitting  which  cannot  be  explained  without 
assuming  the  existence  of  magnetic  hyperfine  field.  The  magnetic  hyperfine  field 
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provides  an  evidence  that  Cu  atoms  are  substituting  for  the  Cu  site  in  the  sample  of 
Sr(0.15).  Therefore  the  partial  substitution  of  Sr  for  La  seems  to  be  a  necessary 
condition  for  the  solubility  of  imputities  in  the  system. 

The  measurement  on  Sr(0.15)  was  extended  down  to  a  very  low  temperature  and  the 
result  is  shown  in  Fig.  5-  The  profile  is  very  broad  but  the  convergence  of  hyperfine 
field  is  better  than  that  at  4.2K.  As  shown  in  the  figure,  the  spectrum  is  roughly 
fitted  by  assuming  six  broad  Lorentzians.  The  average  hyperfine  field  is  estimated  to 
be  lOOkOe.  The  relative  intensity  of  absorption  in  the  positive  velocity  side  is 
somewhat  larger  than  that  in  the  negative  side.  This  asymmetry  of  intensity  is  caused 
by  a  nuclear  polarization  at  the  very  low  temperature,  which  is  a  reliable  thermometer 
at  very  low  temperature  region.  The  temperature  of  the  sample  is  determined  to  be 

20mK. 

In  the  same  figure,  a  spectrum  for  another  Sr(0.15)  is  shown,  whose  Sn 
concentration  is  less  than  the  former  one  .  Sn/Cu=0.01.  The  profile  is  extremely  broad 
even  at  the  low  temperature  but  the  average  hyperfine  field  is  almost  the  same.  In 
both  cases,  there  exist  fractions  without  magnetic  splitting.  The  relative  intensity 
of  the  magnetic  part  increases  with  the  decrees  of  impurity  Sn  concentration.  If  the 
Sn  concentration  is  0.06,  the  non-raagnetic  fraction  becomes  much  more  dominant. 
Therefore,  the  magnetic  fraction  is  believed  to  be  relating  with  the  intrinsic  property 
of  the  Cu  oxide.  For  the  assignment  of  the  non-magnetic  fraction,  however,  we  have  not 

yet  a  conclusion. 

Since  a  Sn  atom  itself  is  non-magnetic,  such  a  large  hyperfine  field  can  be 
induced  only  if  the  surrounding  Cu  atoms  have  collective  spin  fluctuations  with  a 
rather  slow  relaxation  rate.  Usually  a  magnetic  splitting  appearing  in  a  MBssbauer 
pattern  corresponds  to  the  temperature  dependence  of  local  magnetization  and  the 
temperature  dependence  of  hyperfine  field  is  approximated  by  a  Brillouln-llke  function. 
However,  in  the  present  case,  as  typically  shown  in  the  spectrum  for  Sr(0.15)  at  4.2K, 
the  temperature  dependence  appears  as  the  broadening.  This  result  means  that  Cu  spins 
do  not  have  a  static  magnetic  order  but  are  collectively  fluctuating. 

The  ’’"'^Sn  spectra  for  Sr(0.4)  are  entirely  non-magnetic  at  both  300K  and  4.2K, 
although  the  spectrum  exhibited  a  magnetic  hyperfine  structure.  Perhaps  the  rate 
of  fluctuation  is  much  faster  in  Sr(0.4)  than  in  Sr(0.15).  Since  Fe  atoms  have  large 
local  magnetic  moments,  the  relaxation  rate  of  magnetization  in  Sr(0.4)  seems  to  become 
much  slower  by  the  effect  of  Fe-doping.  It  can  therefore  happen  that  a  Sn-doped  sample 
does  not  show  a  magnetic  hyperfine  splitting  although  an  Fe-doped  sample  shows. 


SUMMARY 

STpe  and  ''''^Sn  MBssbauer  measurements  were  performed  for  doped  samples  oi 
antiferromagnetic  La2Cu04,  superconducting  La^  .  85®^0 . 4^'^°4 

Lai  (,5TQ,CnO^.  Magnetic  hyperfine  fields  at  Fe  are  observed  for  all  the  oases,  which 
suggest  the  existence  of  strong  correlations  among  Cu  spins.  On  the  other  hand,  a 
magnetic  hyperfine  splitting  at  Sn  is  observed  only  in  the  superconducting  case  at  low 
temperature.  The  origin  of  the  magnetic  hyperfine  field  is  attributed  to  collective 
spin-fluctuations  in  the  Cu  oxide  with  a  slow  relaxation  rate.  Thus,  the  coexistence 
of  superconductivity  and  collective  spin-fluctuations  is  evidenced.  The  results  on 
Lai.6Sro.4Cu04  are  explained  from  the  different  relaxation  rates  in  Fe-doped  and  Sn- 
doped  samples. 
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Fig.  1.  Mi3ssbauer  absorption  spectra  at  300K  same  samples  as  Fig.  1. 

57 

for  Fe  impurities  in  La^CuOi^,  La^ 
and  La^  ^Sr^  j^CuO^.  Fe/Cu=0.015. 


Fig.  3.  at  300K  Fig.  U.  at  U.2K 


1 19 

Fig.  5.  Mfissbauer  spectra  for  Sn 

impurities  in  superconducting 

La,  Q^Sr^  .cCuO.  at  20mK.  The  impurity 
1  ,o5  0,15  ^ 

concentrations,  Sn/Cu,  are  0,02  and 
0.01,  respectively. 
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Table  1.  Observed  values  of  isomer  shift,  quadrupole  splitting  and  magnetic  hyperfine  field  of  Fe 
impurities  in  La-Sr-Cu-O  compounds.  The  concentrations  of  Fe  are  1.5^  of  Cu. 

La2CuO^  ^^1 .85^^0. 1 

[Sr(0)]  [Sr(0.15)]  [Sr(0.4)] 


IS/mm . s”^  ^ 
at  300K 

0.33 

0.28 

0.23 

(0.07)'''' 

*  relative  to  pure  Fe 

at  300K 

**values  for  the 

QS/mm . 

at  300K 

1.53 

1.55 

1  .34 
(1.04)'''' 

minority  phase 
whose  intensity  is 

22^  of  the  total. 

H/kOe  at  300K 

0 

0 

0 

77K 

431 

0 

0 

4.2K  486  402  337 

Table  2.  Observed  values  of  isomer  shift  relative  to  BaSnO^  and  quadrupole  splitting  at  300K  of 
impurities  in  La-Sr-Cu-0  compounds. 


La20u0/ 

La.|  _g5Sro.i5CuO^ 

Lai .eSro./CuO^ 

Sr(0)^^ 

Sr(0.15)* 

Sr(0.4) 

IS/mm. s“^ 

0.05 

0.11 

0.12 

QS/mm . 

0.48 

0.76 

0.74 

Sn/Cu=2^ 

*»Sn/Cu=3^ 
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NEW  METHOD  FOR  ACCURATE  ANALYSIS  OF  MOSSBAUER  SPECTRA  OF  YBa2  {Cui -xFex)  3O7 . 6 
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In  order  to  reduce  ambiguous  factors  introduced  when  the  conventional 
method  is  applied  to  decompose  the  complicated  Mossbauer  spectra  of 
YBa2 ( Cui . xFex) 3O7 - 6  into  several  quadrupole  doublets,  we  have  used  a 
sophisticated  technique  by  paying  attention  to  a  fact  that  only  relative 
intensities  of  the  Mossbauer  spectra  are  changed  by  a  heat- treatment  at 
300°C  in  vacuum.  Using  this  technique,  the  Mossbauer  spectrum  of 
YBa2  (Cuo .  gsP’^o ,  05 )  3O7  -  6  at  room  temperature  is  decomposed  into  four  kinds  of 
quadrupole  doublets,  and  their  quadrupole  splittings  AEq  and  the  center 
shifts  6  are  determined  precisely.  We  have  shown  that  the  values  of  AEq 
for  the  doublets  D-3  and  D-4  (defined  in  the  text)  reported  previously  by 
many  groups  of  workers  should  be  changed. 


Many  groups  of  workers  have  studied  the  iron-doped  YBa2  (Cui -xFex)  3O7 -6  by  observing 
Mossbauer  spectra.  Although  the  appearances  of  most  of  the  Mossbauer  spectra  are  very 
similar  with  one  another  except  for  relative  intensities  of  the  absorption  lines, 
various  kinds  of  assignments  for  the  spectral  lines  have  been  reported. 1 *3  a  reason  for 
that  comes  from  their  ways  of  analyses:  they  decomposed  their  spectra  into  several  sets 
of  quadrupole  doublets  by  adjusting  the  quadrupole  splittings  and  the  intensities  so  as 
to  simulate  the  experimental  spectra  as  well  as  possible.  This  method  sometimes  gives 
misassignments  in  the  case  that  some  Mossbauer  absorption  lines  are  superposed  with 
each  other  and  they  are  not  resolved  completely.  In  order  to  argue  the  properties  of 
this  system  through  the  doped  Fe's,  it  is  clear  that  assignment  of  the  Mossbauer 
spectra  should  be  done  as  precisely  as  possible.  In  this  report,  we  describe  a 
sophisticated  technique  effectual  for  accurate  analyses  of  Mossbauer  spectra  of 
YBa2  (Cui-xF^x)  3O7 -5/  which  is  also  usefully  applied  for  systems  in  which  only  relative 
intensities  of  Mossbauer  spectra  are  changed  by  heat- treatments  or  other  methods. 

We  examined  YBa2  (Cuq  .gsFeo  .05)  3O7 -5  by  comparing  the  Mossbauer  spectra  taken  at  room 
temperature  before  and  after  a  heat  -  treatment  at  300®C  in  vacuum  of  ~10‘2minHg  for  10 
min.  It  should  be  noted  that  the  decrease  of  the  superconducting  transition  temperature 
Tc  is  not  very  large:  Tc  is  about  57  K  for  the  heat-treated  sample  while  65. 4K  for  the 
as -prepared  one.  In  Fig.l,  we  show  the  spectriim  of  the  as -prepared  sample  [A]  and  that 
of  the  heat-treated  one  [B]  ,  in  which  the  positions  of  the  quadrupole  doublets  D-l-D-4 

are  indicated  by  solid  bars  on  the  basis  of  our  results  (see  Table  1) .  As  seen  in  the 
figure,  the  relative  intensities  of  the  absorption  lines  are  largely  changed  by  the 
heat  -  treatment .  However,  we  want  to  emphasize  that  the  positions  of  the  absorption 

243 


Fig .  1 

Process  how  to  determine  positions  of  the 
constituent  quadrupole  doublets  of  the 
Mossbauer  spectrum  at  room  temperature  for 
YBa2  (Cuo. 95^60. 05)  307-6-  M  '  Mossbauer 
spectrum  of  the  as -prepared  sample.  The 
positions  of  the  quadrupole  doublets  D-l-- 
D-4  determined  by  the  present  work  are 
indicated  by  solid  bars.  [B]  :  Mossbauer 
spectrum  taken  after  the  heat- treatment  at 
3  0  0®C  in  vacuum  for  10  min.  [C]  :  A 
spectrum  of  {  [A]  -  [B]  )  .  Before  the 
subtraction,  the  average  back -ground  counts 
of  [A]  and  [B]  are  normalized  to  equal. 

[D]  :  A  spectrum  of  ( [A] +p [Cl ) ,  where  p  is 
chosen  so  that  the  doublet  D-1  is  canceled. 

[E]  :  A  spectrum  of  ([A]-q[D]),  where  q  is 
chosen  so  that  the  doublet  D-2  disappears. 
The  solid  line  spectrum  in  [A]  or  [B]  is 
the  calculated  one  composed  by  using  the 
values  listed  in  Table  1. 


lines  are  not  affected  significantly  by  this  heat  -  treatment .  As  is  shdwn  below 
therefore,  comparisons  of  these  two  spectra  [A]  and  [B]  allow  us  to  find  locations  of 
^Ls  intense  lines  and  unresolved  lines.  The  spectra  [C]-[El  are  obtained  by  repeating 

addition  and  subtraction  between  two  of  various  spectra.  The  spectrum  [C] 
by  subtracting  [B]  from  [A]  after  normalizing  the  average  back-ground  counts  of  [A]  and 
[B]  to  equal.  From  this  analysis,  both  of  Fe's  giving  the  doublet  D-1  and  D-2  are 
evidenced  to  sit  in  the  Cul  site,  details  of  which  are  reported  in  ref. 4.  The  [D]  is 
Obtained  by  adding  [C]  to  [A]  as  [A]  ^  ptd,  where  a  relative  weight  p  is  chosen  so 
that  the  doublet  D-1  is  canceled.  From  the  [D]  .  the  accurate  position  of  D-2  is 
determined.  The  [E]  is  a  subtracted  spectrum  of  ([A]-q[D]),  where  q  is  chosen  so  that 
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the  doublet  D-2  disappears.  A  noticeable  point  in  the  [E]  is  that  the  location  of  the 
right  absorption  line  of  D-3  is  clearly  seen.  The  position  of  this  line  is  observed  for 
the  first  time  by  the  present  treatment.  From  this,  therefore,  the  position  of  D-3  is 
determined  unambiguously.  The  accurate  position  of  D-1  is  also  determined  from  the  [E] . 
The  values  of  the  quadrupole  splitting  AEq  and  the  center  shift  6  thus  determined  are 

listed  in  Table  1,  and  the  relative  intensities  are  also  shown.  The  position  and  the 
intensity  of  0-4  are  determined  so  that  the  spectrum  [A]  or  [B]  experimentally  obtained 
is  reproduced  by  the  calculated  spectrum  (solid  line  spectrum) . 


Table  1. 

Quadrupole  splitting  AEq  ,  center  shift  6  and  relative  intensity  I  of 
four  constituent  doublets  of  YBa2  (Cuq  .  gsFeo .05)  3O7 -6  the  as -prepared 
spectrum  [A]  and  for  the  heat-treated  spectrum  [B]  . 


D-1 

D-2 

D-3 

D-4 

(mm/s) 

fAl 

1.96 

1.05 

0.64 

1.13 

[B] 

1.98 

1.02 

0.64 

1.13 

6  (mm/s) 

fAl 

0 

0 

0.00 

0.35 

-0.20 

[B] 

0.05 

0.01^ 

0.34 

-0.20 

I 

fAl 

0.39 

0.37 

0.15 

0.09 

tB) 

0.53 

0.23 

0.17 

0.07 

Table  2 

Comparison  of 

Mossbauer 

parameters 

for  as 

-prepared 

YBa2  (Cui-xP’^x)  3O7 

reported  by  three  groups  ;  quadrupole  splitting  AEq,  center  shift  6  and 
relative  intensity  I. 


X 

D-1 

D-2 

D-3 

D-4 

this  work 

0.05 

1.96 

1.05 

__-._Q..64 _ 

.1 .13 

AEQ  (mm/s) 

V.  Sedvkh  et 

al2 

0.017 

1.96 

1.17 

0.50 

1.60 

E.Baggio- 

Saitovitch 

et  all 

0.03 

1.91 

1.19 

0.29 

1.48 

this  work 

0.05 

0.04 

0.00 

0.35 

-0.20 

6(mm/s) 

V.  Sedvkh  et 

al2 

0.017 

0.03 

-0.01 

0.27 

-0.12 

E.Baggio- 

Saitovitch 

et  all 

0.03 

0.047 

0.032 

0.208 

-0.245 

this  work 

0.05 

0.39 

0.37 

0.15 

0.09 

I 

V.  Sedvkh  et 

al2 

0.017 

0.11 

0.53 

0.16 

0.20 

E.Baggio- 

Saitovitch 

et  all 

0.03 

0.31 

0.53 

0.08 

0.08 
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For  comparison,  we  list  in  Table  2  the  values  of  AEq,  6  and  I  reported  previously 
by  two  other  groups  for  their  respective  as-prepared  samples  together  with  ours.  It  is 
noticed  in  Table  2  that  the  values  of  AEq  and  6  for  D-1  and  D-2  determined  by  three 
groups  agree  with  one  another  within  a  permitted  limit  if  we  take  into  account  the 
variety  of  samples. i-3  However,  our  values  for  D-3  and  D-4  are  different  considerably 
from  others.  The  doublet  D-3  has  been  assigned  as  Fe3+  replacing  Cu2.2,5  a  value  of 
AEq=0.64  mm/s  for  D-3  determined  by  the  present  study  is  fairly  large,  but  it  is  the 

most  expected  value  for  Fe3+  sitting  in  highly  distorted  sites  such  as  the  Cu2  site.  A 
value  of  6=0.35  mm/s  is  also  quite  reasonable  for  this  kind  of  Fe3+ .  Our  value  of 
AEq=1.13  mm/s  for  D-4  is  about  30%  smaller  as  compared  with  any  values  reported 

previously.  The  electronic  state  of  Fe  giving  D-4  can  not  readily  been  determined  from 
a  combination  of  values  AEq=1.13  mm/s  and  6=-0.20  mm/s.  From  each  combination  of  the 
values  of  AEq  and  6  for  D-1,  D-2  or  D-4,  it  can  be  clearly  said  that  the  irons  giving 
D-1,  D-2  and  D-4  are  not  in  well  known  states  such  as  Fe2+,  Fe3+  or  Fe4+  in  high- spin  or 
low- spin  state.  In  order  to  determine  the  electronic  states  of  them,  techniques  other 
than  Mossbauer  spectroscopy  are  desired  to  be  used  jointly. 
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Ion-Channeling  Studies  in  Single-Crystal  YBa2Cu30Y.y.  and  Bi2  ^ 
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The  temperature  dependence  of  the  Rutherford  backseat  ter ing  in  the  <001> 
axial  channeling  mode  for  each  constituent  atoms  of  single-crystal 
YBa2Cu307.y  and  Bi 2 , carried  out  to  study  the  change 
in  the  structural  properties  at  the  superconducting  transition.  Anomalies 
of  channeling  behavior  observed  across  the  superconducting  transition 
temperature  of  YBa2CU307.y  suggest  a  structural  instability  or  a  change  in 
the  lattice.  The  anomalies  of  RBS  for  Y  and  Ba  atoms  suggest  the  phonon 
softening,  while  those  for  Cu  and  0  atoms  are  not  explained  in  terms  of  only 
the  phonon  softening.  On  the  other  hand,  in  Bi2 , 2^*^1 . 8^^^^2^y  anomaly  of 
channeling  has  been  observed  across  the  superconducting  transition 
temperature,  because  of  large  yield  of  the  Rutherford  backseat tering. 


The  greatest  interest  in  the  recently  discovered  h igh- temperature  superconductors 
is  whether  they  represent  a  class  of  materials  in  which  a  new  pairing  mechanism 
produces  superconductivity.  It  is  therefore  important  to  identify  any  unconventional 
behavior  in  comparison  with  ordinary  superconducting  behaviors.  It  is  generally 
accepted  that  at  the  superconducting  transition  temperatures,  T^'s,  the  lattices  and 
their  properties  are  essentially  unchanged,  while  some  of  the  properties  of  the 
conduction  electrons  are  changed  significantly.  However,  in  hlgh-T^  superconductors 
much  anomalous  behaviors  associated  with  the  lattice  properties  have  been  reported  by 
several  researchers.  For  example,  the  elastic  anomalies  which  cannot  be  explained 
within  a  BCS  model  have  been  observed  at  and  below  T^  of  La2«x^rjjCu04  and 
YBa2Cu307.yEl-33  and  the  c-axis  of  YBa2CU307.y  exhibits  an  anomalous  change  in  a 
narrow  temperature  range  near  T^.  [43  More,  recently,  it  has  been  found  from  high- 
pressure  studies  that  the  low  temperature  structural  phase  transition  in  La2-3{BajjCu04 
does  suppress  the  superconductivity.  [53  It  is  likely  that  the  structural  anomalies 
observed  in  high-T^  oxides  have  implications  for  the  mechanism  of  superconductivity. 

It  is  known  that  the  axial  ion-channeling  mode  in  Rutherford  backseat tering 
spec t roscopy ( RBS )  is  highly  sensitive  to  the  lattice  vibration  and  small  lattice 
displacements  from  regular  lattice  sites.  From  the  minimum  yield  of  RBS  in  the  axial 
channeling  mode.  rms  amplitudes  of  the  lattice  vibration  and  displacement  of 

atoms  can  be  derived.  Therefore,  the  channeling  technique  is  very  useful  to  studies 
of  phase  transitions  (such  as  Jahn-Te 1 1 er [6 3  and  charge-density-waves  phase 
transitions.  [7,83),  which  is  accompanied  with  the  structural  change. 

In  the  present  letter  we  report  the  first  measurement  of  of  <001  >-al  igned 

channeling  for  each  constituent  atom  of  YBa2Cu307.y  and  Bl  2 . 2^*"l .  8^®^'^2^y 
temperatures  down  to  50K  through  the  superconducting  transition. 

The  standard  experimental  arrangement  for  ion  backseat  ter i ng  was  used  with  Van  de 
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Graaff-type  ion  accelerator.  The  1.00-MeV  He*  and  D*ions  were  used  as  probe  beams. 

The  diameter  and  the  divergence  of  the  Ion  beam  were  1.0  mm  and  0.03* ,  respectively. 
For  RB3  and  nuclear-reaction  experiments,  a  Sl-surface-barrler  (annular  type) 
detector  was  used.  The  active  area,  the  scattering  angle,  and  the  distance  between  a 
sample  and  the  detector  are  50  mm^  174*,  and  35  mm.  respectively.  For  particle- 
induced  x-ray  emission  (PlXE)experiroents .  a  SI  (LI)  solid-state  detector  was  used. 

The  active  area,  the  scattering  angle,  and  the  distance  between  a  sample  and  the 
detector  are  30  mm^  ISO*,  and  25  mm.  respectively.  The  sample  was  set  at  a  position 
where  a  beam  direction  was  aligned  with  a  channel  axis  of  the  sample  by  the  three- 
axis  goniometer  and  the  sample  was  cooled  down  slowly  with  a  cryoref rigeratlon.  It 
was  confirmed  at  several  points  that  the  incident  direction  of  ions  paralleled  the 
crystal  axis.  The  temperature  of  the  sample  was  measured  by  a  Si-Dlode  thermometer 
attached  on  the  bottom  of  the  sample  and  was  controlled  within  ±0.1K  with  the  aid  of 
an  additional  small  heater  on  the  sample  holder.  In  the  actual  experiment,  we  paid 
special  attention  to  the  ion  fluence  in  order  to  minimize  the  radiation  damage  of  the 
sample.  17,101  The  total  ion  fluence  for  one  sample  was  restricted  within 
'w400nC/l  .  0mm  0. 

YBa2Cu307.y  (  with  M.  Oda  and  M.  Ido.  Department  of  Physics,  Hokkaido  University, 
Sapporo  060,  Japan.  Y.  Tajlma  and  Y.  Hldaka.  NTT  Opto-El ectronlcs .  Tohkal  319-11. 
JAPAN) 

YBa2CU307_y(YBC0)  single  crystals  were  grown  by  the  flux  method. [9]  Two  single 
crystals  with'typlcal  dimensions  of  2x2x0. 1  mm^  were  used  for  the  ion-channeling 
measurement.  Their  T^'s  were  determined  from  resistivity  measurements  by  the  dc  four 
probe  method  and  magnetic-susceptibility  measurements  by  a  SQUID  susceptometer . 

The  Tc’s  of  two  single  crystals  were  determined  to  be  90  and  91K  from  resistivity 
measurements.  The  temperature  dependence  of  dc  magnetic  susceptibility  for  one  of 
the  crystals  is  shown  in  Fig.  1.  This  result  is  consistent  with  that  of  resistivity 
measurements.  The  results  of  Ion  channeling  for  two  single  crystals  were 
substantially  the  same.  Figure  2  shows  typical  RBS  energy  spectra  at  room 
temperature  obtained  by  using  l.OO-MeV  He*  ions.  In  this  figure,  one  spectrum  is 
the  channeling  one  along  the  <001>  axis,  and  the  other  is  the  random  spectrum  (~5* 
off  the  channeling  axis).  The  magnitude  of  the  RBS  yield  along  the  <001>  direction 


Fig.  1  dc  magnetic  susceptibility  of 
single-crystal  YBa2Cu307«y  as  a  function 
of  temperature. 


Channel  Number 

Fig.  2  <001>-al inged  and  random  RBS 

energy  spectra  of  single-crystal 

YBa2CU307My* 
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Fig.  3  RBS  yields  of  YBanCuoOy.y  as  a 
function  of  tilt  angle. 


Fig,  4  Typical  spectra  for  RBS  and 
high-energy  protons. 


is  extremely  smaller  than  that  of  the  random  direction.  Moreover,  the  normalized  RBS 
yields  within  the  energy  window  marked  In  Fig.  2  are  shown  as  a  function  of  the  tilt 
angle  in  Fig.  3.  From  these  measurements,  the  normalized  minimum  yields  along  the 
<001>  directions  are  determined  to  be  of  the  order  of  0.03,  which  is  in  good 
agreement  with  the  results  of  the  i on-channel i n|K  in  YBCO  reported  already. CIO, H 3 
These  facts  indicate  that  the  samples  used  in  the  present  work  are  very  high-quality 
single  crystal. 

Furthermore,  to  obtain  the  clearly  distinguished  information  on  each  element  of 
YBCO,  we  used  PIXE  and  nuclear-reaction  methods  w^i  th  l.OO-Mev  D"**  ions.  Figure  4 
shows  the  <001 >-al igned  energy  spectrum  and  the  random  one  for  RBS  and  high-energy 
protons.  Here,  the  high-energy  protons  were  produced  by  the  nuclear  reactions.  The 
information  of  the  0  atoms  was  determined  by  the  nuclear  reaction.  Figure  5  shows 
the  <001 >-al igned  and  the  random  characteristic  x-ray  spectrum  for  Y,  Ba,  and  Cu  atom 
obtained  by  the  PIXE  method. 


Fig,  5  <001 >-ai i nged  and  random  PIXE 

spectra  for  Y,  Ba,  and  Cu.  The  dashed 
line  indicates  the  <001 >-al igned 
spectrum. 


Fig.  6  X,jjlp*s  for  each  element  of 
YBaoCu307«y  obtained  by  PIXE  and 
nuclear-reaction  method  as  a  function  of 
temperature. 
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Figure  6  shows  the  temperature  dependence  of  the  for  each  constituent  atoms 

of  YBCO  obtained  by  the  PIXE  and  nuciear  reaction  methods  with  1.00-MeV.  In  the 
normal  state,  the  X„i„  for  ali  constitute  atoms  monotonicai iy  decrease  with 
decreasing  temperature,  which  is  similar  to  the  typical  temperature  dependence  of 
*mln  *  conventional  solid.  However,  in  the  vicinity  of  T^,,  the  temperature 
dependence  of  X,„j„  for  each  atom  is  very  curious,  especially  those  for  Cu  and  0 
atoms.  Thus,  the  abrupt  increase  in  Xj^j^  is  observed  across  T^.. 

According  to  Barrett's  equation[12] ,  X,„jn  ®  monatomic  lattice  is  given  by  the 

atomic  densi  ty  of  the  samples  and  the  rms  amplitude  of  the  lattice  vibration  of  the 
atoms  in  the  plane  normal  to  the  channe 1 i ng  axi s .  In  the  case  of  the  crystals  which 
consist  of  many  different  atoms,  the  expression  for  X^j^  is  much  more  complicated  but 
Barrett's  equation  can  be  still  used  as  a  guiding  principle  for  searching  the  * 

fundamental  process.  It  is  widely  accepted  that  unless  any  structural  transition 
occurs,  Xjijn  is  proportional  to  the  rms  amplitude  square  of  the  1  a 1 1 i ce  vi brat i on . 
Therefore,  it  can  be  concluded  that  the  decrease  in  X^j^  with  decreasing  temperature 
in  the  normal  state  of  YBCO  is  due  to  the  decrease  in  the  rms  amplitude  of  the 
thermal  vibration;  a  stiffening  of  the  lattice  is  observed,  while  the  increase  in 
Xmin  observed  near  T^,  can  not  be  Interpreted  in  terms  of  such  a  thermal  vibration  of 
atoms. 

The  magnitude  of  X,„j„  depends  on  not  only  the  rms  amplitude  of  the  lattice 
vibration  but  also  lattice  displacements.  As  possible  mechanisms  of  the  Increase  in 
Xmjn  with  decreasing  temperature,  the  structural  change  or  the  softening  of  the 
phonon  which  is  related  with  the  structural  instability  have  generally  been  taken. 

In  fact,  it  is  known  that  in  the  Jahn-Tel lerC6 J  transition  the  gradual  raise  of  X„j„ 
revealed  Just  above  the  transition  temperature  is  due  to  the  phonon  softening  and  in  ■ 
the  CDW  phase  transi tionCT, 8]  the  enormous  rise  in  X„j„  at  the  transition 
temperature  is  caused  by  the  displacement  of  atoms  from  regular  sites  of  the  high” 
temperature  phase. 

Xmin's  ^  atoms  shown  in  Fig.  6  exhibit  the  abrupt  rise  of  Xj,j„  with 

decreasing  temperature.  The  behavior  is  probably  interpreted  in  terms  of  the  phonon 
softening  or  the  small  displacement  of  atoms,  while  those  for  Cu  and  0  atoms  begin  to 
reveal  the  increase  or  decrease  at  temperatures  above  Tg  and  a  large  ups  and  downs 
change  in  the  X„j„  are  observed  with  decreasing  temperature.  These  enormous  changes 
in  the  X„j„'s  of  Cu  and  0  atoms  observed  in  a  narrow  temperature  range  are  not  simply 
explained  in  terms  of  the  phonon  softening  or  the  small  displacement  of  atoms,  which 
may  indicate  the  complicated  lattice  dynamics  of  Cu  and  O  atoms.  Here,  it  should  be 
noted  that  Sharma  et  al. CIO, 131  also  observed  the  abrupt  change  in  the  width  of  the 
<001>  channeling  dips  at  T^.  However,  our  interpretation  does  not  agree  with  theirs. 
Though  the  origin  of  this  discrepancy  is  unclear  at  this  moment,  we  think  that 
sensitivity  of  X,„jn  to  all  types  of  defects,  disorder,  etc.  is  better  than  that  of 
the  width  of  a  channeling  dip. 

Anomalous  behaviors  of  Cu  and/or  0  atoms  in  YBCO  have  been  observed  near  T^  on 
other  measurements  also;  Debye-Waller  factor  for  the  0  atoms  perpendicular  to  the  c- 
plane  obtained  from  the  EXAFS  (Extended  X-ray  Absorption  Fine  Structure)  methodtl4] 
and  the  breathing-mode  vibration  of  0  atoms  around  Cu  atoms  determined  from  the  Raman 
scattering  measurement.  CIS)  Furthermore,  the  measurement  of  the  neutron  diffraction 
exhibits  the  discontinuous  change  of  Cu-0  bond  length  perpendicular  to  the  c-plane  at 
Tgtiej  and  that  there  is  the  difference  on  the  occupancy  ratio  of  oxygen  in  the  chain 
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site  between  in  the  normal  and  superconducting  states.  [17]  These  results,  including 
the  present  one  strongly  suggest  that  a  change  in  the  lattice  dynamics  of  Cu  and/or  0 
atom  occurs  in  the  vicinity  of  T^. 

It  is  known  that  the  Cu  and  0  atoms  play  an  important  role  for  the  mechanism  of 
the  superconductivity  in  high-T^  compounds,  while  Y  and  Ba  atoms  are  mainly 
contribute  to  the  crystal  bonding,  but  not  directly  related  to  the  superconductivity. 
Therefore,  it  is  very  interested  whether  the  structural  anomalies  observed  in  YBCO 
have  implications  for  the  mechanism  of  superconductivity. 


^  vlth  S.  Takekawa,  National  Institute  for  Research  in  Inorganic 
Materials,  Tsukuba  305,  JAPAN) 

The  single  crystal  BI 2Sr2CaCu20y (BSCCO)  was  grown  by  the  floating-zone  method. 
C183  The  chemical  composition  determined  by  EPMA  measurement  is  Bi  2  ^  * 

The  samples  were  carefully  cleaved  from  as-grown  crystal  into  the  ab-plane  sheets. 

The  samples  had  smooth  and  shinny  surfaces  and  were  free  of  major  visible  defects. 

The  diffraction  pattern  obtained  by  the  Laue  method  showed  existence  of  the 
superstructure  along  the  b-axls.  The  typical  dimensions  of  our  samples  for 
measurement  of  ion-channeling  were  5x5x0. 5  mm^.  The  T^  was  determined  from 
measurements  of  dc  resistivity  and  inductance. 

The  average  value  of  the  T^  of  as-grown  crystal  were  determined  to  be  86(±2)K 
from  both  measurements  of  resistivity  and  inductance.  Figure  7  shows  the  typical 
temperature  dependence  of  inductance.  The  normalized  RBS  yields  obtained  with  1.00- 

MeV  He**'  ions  are  shown  as  a  function  of  the  tilt  angle  in  Fig.  8.  The  of  BSCCO 

is  the  order  of  0.3,  which  is  an  order  of  magnitude  larger  than  that  of  YBCO.  There 
are  several  possible  interpretations  of  this  large  observed  in  BSCCO;  they  are 

(1)  existence  of  the  incommensurate  superstructure  along  the  b-axis,  (2)  substitution 
of  Sr  and/or  Ca  atoms  in  Bi02-planes,  (3)  deviation  from  the  chemical  composition  of 
Bi ;Sr:Ca:Cu=2:2: 1 :2,  and  (4)  oxygen  deficiencies.  Especially,  (1)  and  (2)  are 
characteristics  in  BSCCO.  Thus,  large  of  BSCCO  may  be  intrinsic. 

Figure  9  shows  the  for  each  constituent  atom  of  BSCCO  obtained  by  the  PIXE 

and  nuclear-reaction  method  as  a  function  of  temperature.  The  X^in  for  all 

constituent  atoms  mono tonlcal ly  decreases  with  decreasing  temperature  and  no  anomaly 


Fig.  7  Inductance  of  single-crystal 
®^2.2^’"l.8^*^^2^y  *  function  of 

temperature. 


1.00 


0.75 


0.50 


0.25 


Tilt  Angle  (deg) 


Fig.  8  RBS  yield  of  Bi o  2Srj  3CaCu20y 
as  a  function  of  tilt  angle. 
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Fig.  ^  each  element  of 

Bi2  PIXE  and 

nuclear-feact lon^method  as  a  function  of 
temperature* 


''  0  100  200  300 

Temperature  ( K) 

is  observed  in  the  temperature  range  measured*  Comparing  this  result  with  that  of 
YBCO,  it  is  found  that  the  is  large  and  its  temperature  coefficient  is  very 

small,  almost  constant.  This  means  that  the  large  magnitude  of  X^j^  observed  in 
BSCCO  is  mainly  due  to  the  disorder  and/or  defects  of  atoms  of  the  samples,  and  the 
effect  due  to  the  thermal  vibration  is  extremely  small.  Therefore,  even  if  the 
lattice  vibration  anomalies  near  T^  is  intrinsic  in  BSCCO,  it  will  be  hard  to  detect 
the  anomalies  in  X^^jj  as  observed  in  YBCO. 

In  order  to  make  clear  the  correlation  between  the  superconducting  state  and  the 
anomalies  of  Xj^i^,  further  analysis  on  the  temperature  dependence  of  RBS  is  in 
progress  on  single  crystals  of  high-T^  compounds. 

This  work  was  partly  supported  by  a  Grant“in”Aid  for  Scientific  Research  on 
Priority  Areas  ’*  Mechanism  of  Superconductivity*’. 
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Electronic  structure  of  the  high-Tc  superconductor  has  been  studied  by  various  spectroscopies 
(photoemission,  inverse  photoemission,  x-ray  absorption,  and  scanning  tunneling  spectroscopy). 
The  experimental  results  strongly  suggest  that  the  electronic  structure  in  the  vicinity  of  the 
Fermi  level  forms  Fermi-liquid  states  and  has  a  dominant  oxygen  2px,i;  nature  with  a  "impurity- 
state"-like  origin. 


The  mechanism  responsible  for  high-Tc  superconductivity  is  controversial  even  though 
extensive  experimental  and  theoretical  studies  have  been  made.  Knowledge  of  the  electronic 
structure  is  a  key  step  toward  understanding  the  mechanism  of  high-Tc  superconductivity. 

In  this  paper,  we  report  comprehensive  results  of  our  photoemission,  inverse  photo¬ 
emission,  x-ray  absorption,  and  scanning-tunneling  spectroscopy  of  the  high-Tc  superconductor. 
From  the  results,  we  propose  a  model  to  describe  the  electronic  structure  of  the  high-Tc  super 
conductor. 

Angle-resolved  photoeiission  study  of  BiaSraCai -xYxCu^Og 

Figure  1  shows  angle-resolved  photoemission  spectra  of  superconducting  BiaSrsCaCu^Oe  and 
the  "band  structure”  determined  from  the  photoemission  experiment  [1].  The  photoemission 
spectra  and  resulting  band  structure  clearly  shows  two  dispersive  bands  which  intersect  the 

Fermi  level  midway  between  the  center  and  the  boundary  of  the  Brillouin  zone.  This  is  a  di¬ 
rect  evidence  for  the  existence  of  Fermi  surface(s)  and  therefore  Fermi-liquid  states  in  the 

high-Tc  superconductor  [1].  Next  step  to  approach  the  high-Tc  mechanism  is  to  study  the  na¬ 

ture  and  origin  of  the  Fermi-liquid  states.  Comparison  of  the  electronic  "band  structure" 
between  the  supercondocting  Bi2Sr2CaCu208  and  insulating  Bi2Sr2Ca0.sY0.5Cu2O8  where  doped 
holes  are  compensated  with  electrons  provided  from  trivalent  Y  atoms,  would  be  very  helpful 
for  understanding  the  origin  of  the  Fermi-liquid  states. 

Figure  2  shows  the  result  of  angle-resolved  photoemission  study  of  Bi2Sr2Cao. sYo. sCu203. 
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^s  shown  in  the  figure,  small  structures  in  the  vicinity  of  the  Fermi  level  (bands  A  and  B) 
together  with  a  non-dispersive  band  at  1.5  eV  (band  C)  disappear  in  the  non-superconductor  (x= 
0.5)  and  alternatively  a  new  non-dispersive  band  appears  at  2.3  eV  (band  C).  a  slight  energy 
shift  by  0.2-0.  3  eV  toward  the  high-binding-energy  side  is  observed  for  bands  D  and  F  in  Bi>- 
Sri;Ca0.5Yo.5Cu2O.s.  The  disappearence  of  bands  which  cross  the  Fermi  level  obviously  indicates 
the  breakdown  of  one-electron  picture  proposed  from  band-structure  calculation  which  expects 
a  rigid  shift  of  the  electronic  states  relative  to  the  Fermi  level.  The  experimental  results 
in  Figs. 1  and  2  strongly  suggest  that  the  electronic  states  in  the  vicinity  of  the  Fermi  level 
(Fermi-liquid  states)  are  a  kind  of  impurity  states  produced  by  doping  of  holes.  This  conjec¬ 
ture  will  be  reinforced  by  inverse  photoemission  and  x-ray  absorption  studies  described  below. 

Inverse  photoeiission  study  of  BiaSraCai -xYxCuaOs 

Inverse  photoemission  specrtroscopy  has  an  advantage  over  photoemission  spectroscopy  since 
the  former  can  give  a  direct  information  about  the  unoccupied  electronic  states  which  is  not 
accessible  by  the  latter. 

Figure  3a  shows  inverse  photoemission  spectra  of  three  kinds  of  high-Tc  superconductors; 
BiaSraCaCuaOa.  YBaaCuiO-.  and  Lai .aSro. 2CUO4  [2].  As  shown  in  Fig.  3a.  the  inverse  photoemis¬ 
sion  spectrum  of  BiaSrsCaCusOa  has  a  clear  Fermi-edge  structure  (in  other  words,  a  finite  den¬ 
sity  of  states  at  the  Fermi  level)  in  support  with  the  photoemission  result  (Fig.  1).  This  is 
an  alternative  evidence  for  the  existence  of  the  Fermi-liquid  states  in  high-Tc  superconduc¬ 
tors.  Absence  or  remarkable  reduction  of  the  Feremi-edge  structure  in  YBaaCu.x07  and  Lai.s- 
Sro.aCuOa  as  shown  in  Fig.  3a  may  be  due  to  a  loss  of  oxygen  at  the  sample  surface  under  ultra 
high  vacuum. 

Figure  3b  shows  Y-content  (hole-concentration)  dependence  of  inverse  photoemission  spec¬ 
trum  near  the  Fermi  level.  Ilfhen  we  increase  the  Y-content  (in  other  words,  decrease  the  hole 
concentration),  the  spectral  intensity  near  the  Fermi  level  gradually  decreases.  This  result 
is  quite  consistent  with  the  photoeraission  results  shown  in  Figs.  1  and  2.  suggesting  the 
impurity-state"-like  nature  of  the  electronic  states  near  the  Fermi  level. 


Energy  relative  toEF(cV)  Energy  relative  to  Ef  (eV) 

(a)  (b) 

Figure  3  (a)  Inverse  photoemission  spectra  of  BiaSrgCaCuaOa,  YBaaCusO?,  and  Lai . aSro , aCuOj. 

(b)  Inverse  photoemission  spectra  of  BiaSraCai -xYxCujOs  (x=0.0.  0.3.  and  0.5). 
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x-ray  absorption  spectroscopy  of  BizSrzCai -xYxCuzOe 

X-ray  absorption  spectroscopy  measures  an  optical  transition  from  a  core  level  of  a  cer¬ 
tain  atom  to  unoccupied  electronic  state  above  the  Fermi  level.  Selection  rules  restrict  the 
final  states  to  which  core  electrons  are  optically  excited.  Therefore  x-ray  absorption  spec- 
troscopygives  information  about  individual  contribution  of  each  atomic  orbital  to  the  unoccu¬ 
pied  electronic  states. 

Figure  4a  shows  oxygen-K  absorption  spectra  of  BiaSraCai -xY.<Cu208  [3].  The  spectrum  of  x= 
0.0  has  a  prominent  edge-peak  at  about  528  eV,  which  we  attribute  to  the  optical  transition 
from  the  oxygen  Is  core  level  to  unoccupied  oxygen  2p  states.  The  intensity  of  this  edge-peak 
gradually  decreases  with  increasing  the  Y  content  (in  other  words,  decreasing  hole  concentra¬ 
tion).  This  indicates  that  doped  holes  are  accommodated  mainly  in  oxygen  2p  states  at  the 
Fermi  level. 

Figure  4b  shows  oxygen-K  absorption  spectra  of  single-crystal  BiaSraCaCuaOs  recorded  at 
various  incident  angles  of  1 inearly-polaried  light  as  shown  in  the  figure.  The  intensity  of 
the  edge-peak  gradually  decreases  with  the  incident  angle  referred  to  the  surface  normal,  in- 
dicationg  that  the  oxygen  2p  atomic  orbital  just  above  the  Fermi  levei  has  a  x-y  (in-plane) 
symmetry. 


Photon  energy(eV) 


(a)  (b) 

Figure  4  (a)  Oxygen-K  absorption  spectra  of  BiaSrsCai -xYxCuaOs  (x=0.  0  to  1.0).  (b)  Oxygen-K 
absorption  spectra  of  single-crystal  BiaSraCaCuaOs  recorded  at  various  incident  angle  of 
linearly-polarized  light. 
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Scanning  tunneling  spectroscopy  of  Bi2Sr2CaCu203 

The  existence  of  the  Ferni-l iqnid  states  in  Bi^SraCaCuaOs  has  been  experimentally  estab¬ 
lished  by  photoemission.  inverse  photoeinission.  and  x-ray  absorption  spectroscopy.  However  it 
may  be  claimed  that  Bi iSrsCaCu^Oe  is  special  since  it  has  BiO  planes  as  well  as  CuOj  and  the 
Fermi-liquid  states  observed  by  photoemission  etc.  may  come  from  the  BiO  plane,  but  not  from 
the  Cu02  plane  common  to  all  cuprate  superconductors.  To  elucidate  this  point,  we  have  per- 
forfned  scanning-tunneling  spectroscopy. 

Scanning-tunneling  spectroscopy  is  a  spectroscopic  version  of  scanning-tunnel ing  micro¬ 
scope  which  probes  atomic  structure  of  top-most  layer  of  a  crystal.  Therefore  scanning-tunnel¬ 
ing  spectroscopy  gives  information  about  the  electronic  structure  of  a  top-most  atomic  layer. 

Figure  5a  shows  a  scanning-tunneling-microscope  image  of  a  cleaved  BiaSraCaCusOs  crystal 
[4],  The  image  shows  periodic  rows  spaced  by  2.6  nm.  which  we  attribute  to  the  superstructure 
of  BiO  plane  already  observed  for  the  bulk  by  electron  microscope.  This  indicates  that  the 
cleaved  surface  is  a  BiO  plane.  Figure  5b  shows  a  scanning-tunneling-spectroscopy  (STS)  spec¬ 
trum  for  the  cleaved  (therefore  BiO)  plane  measured  by  changing  the  bias-voltage  of  a  tip  The 
STS  spectrum  exhibits  a  small  gap  of  about  0.3  eV  at  the  Fermi  level,  suggesting  a  semicon¬ 
ducting  nature  of  a  BiO  plane.  This  indicates  that  the  Fermi-liquid  states  (electronic  states 
just  at  the  Fermi  level)  observed  by  photoemission  and  inverse  photoemission  do  not  reside  on 
BiO  planes  but  spread  over  CuOa  planes  common  to  all  cuprate  high-Tc  superconductors. 


-2  -1  Ep  1  2 

Energy  relative  to  EF(eV) 


Figure  5  Scanni ng-tunnel ing-raicroscope  image  of  a  cleaved  BiaSraCaCuaOs  single  crystal 
(left).  Scanning-tunnel iiig-spectroscopy  (STS)  spectrum  compared  with  combination  of  photo¬ 
emission  (PES)  and  inverse  photoemission  (IPES)  spectra  (right). 
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Electronic  structure  of  high-Tc  superconductor 

Fron.  the  experimental  results  described  above,  we  propose  a  model  of  the  ^ 

ture  of  the  high-Tc  superconductor  as  shown  in  Fig.  6.  In  undoped  compound  such  «  ^  ^  ^ 

charge-transfer  gap  opens  because  of  a  large  on-site  Coulomb  repulsion  energy  of  Cu  3d  elec- 
Ll  compared  with  a  relatively  small  charge-transfer  energy  from  02p  to  Cu3d  ^‘ates.  en  ho 
les  are  doped  into  this  system,  they  are  accommodated  in  02p  atomic  orbitals  and  resulting  y 
kind  of  impurity  states  are  created  at  the  Fermi  level.  These  ’impurity  states  have  a  omi- 
nant  OZpx.y  nature  and  would  be  produced  through  a  strong  hybridization  between  the  ope 
OZpx.v  hole  orbitals  and  surrounding  Cu3dxa-,a  empty  orbitals.  When  the  concentration  o  hoi 

is  increased,  the  overlapping  between  the  " impurity  states’  transforms  them  into  bands  w.h 

energy  dispersion  of  about  0.5  eV  as  observed  by  angle-resolved  photoemission.  Superconduct 
ity  would  be  driven  by  Cooper-pairing  of  02p  holes  in  the  Fermi-liquid  states. 


Figure  6  Schematic  diagram  of  the  electronic  structure  of  the  high-Tc  superconductor  derived 
from  the  present  experiment. 
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Photoemission  Study  of  Electron-  and  Hole-Doped  Cu-Oxide  Superconductors 


A.  Fujimori 


Department  of  Physicst  University  of  Tokyo,  Hongo,  Bunkyo-ku,  Tokyo  113,  Japan 


We  have  studied  the  electronic  structure  of  hole-doped  Bi-  and  La-based  Cu-oxide 
superconductors  and  electron-doped  Nd2-;tCe_YCu04  by  photoemission  spectroscopy.  As 
for  Bi2Sr2CaCu208,  electronic  states  near  the  Fermi  level  are  confirmed  to  arise 
from  d^-ligand-hole  local  singlets  within  the  Cu02  planes.  The  results  for  Nd2- 

show  no  evidence  for  occupied  (Cu*^)  states  in  the  bulk  compounds.  The 
Fermi  level  is  found  to  be  located  well  within  the  charge-transfer  gap,  suggesting 
that  new  states  are  formed  within  the  gap  by  Ce  doping.  A  similar  behavior  is 
observed  for  La2-x^r;j^Cu04. 

While  the  electronic  structure  of  undoped  Cu  oxides  is  now  basically  understood  [1], 
the  nature  of  the  metallic  states  of  doped  materials  is  far  from  clear  [2].  In  order  to 
shed  more  light  on  the  origin  of  electronic  states  near  the  Fermi  level  (F^p)  in  the  Cu-oxide 
superconductors,  we  have  studied  the  electronic  structure  of  Bi-,  La-  and  Nd-based  Cu  oxides 
and  related  compounds  by  photoemission  spectroscopy. 

It  is  generally  accepted  that  doped  carriers  conduct  through  the  Cu02  planes.  Our 
previous  results  on  superconducting  Bi2Sr2CaCu208  and  insulating  Bi2Sr2Cai>.;^Y;^U208  as  well 
as  on  Sr2Cu02Cl2  have  supported  this  idea  at  least  for  the  Bi-based  compounds  [3j.  On  the 
other  hand,  Shen  et  al.  [4]  suggested  that  contributions  from  the  BiO  planes  dominate  those 
from  the  Cu02  planes  near  Kp  based  mainly  on  the  lack  of  resonance  behavior  at  the  Cu  3p-3d 
core-absorption  threshold.  In  order  to  clarify  this  point,  we  have  made  a  comparative  study 
of  Bi2Sr2CaCu208,  Bi2Sr2CuOg  and  Bi2Sr2CoO0+y,  As  shown  in  Fig.  1,  the  states  closest  to  Fp 
disappears  on  substituting  Co  for  Cu,  indicating  that  these  states  are  not  associated  with 
the  BiO  planes  but  are  indeed  derived  from  the  Cu02  planes.  We  point  out  that  the  lack  of 
resonance  is  simply  due  to  the  small  cf®  weight  in  these  final  states  and  is  consistent  with 
their  Cu02-plane  origin.  We  have  also  observed  that  the  intensity  of  these  states  increases' 
with  photon  energy,  suggesting  significant  Cu  d  contributions  at  %.  However,  this  does  not 
mean  that  doped  holes  have  substantial  (a  few  tens  %)  Cu  d  character  as  suggested  by  Arko  et 
al,  [6],  By  a  simple  intensity  calculation  based  on  the  cluster  model,  it  can  be  shown  that 

the  large  (^30  Z)  Cu  d  spectral  weight  is  fully  consistent  with  the  nearly  pure  (>90  %) 
oxygen  p  character  of  doped  holes  [5]. 

If  electrons  doped  into  Nd2-;^e^u04  occupy  Cu  3d  orbitals  to  form  d^^  configurations, 
which  are  local  singlets,  there  is  an  electron-hole  symmetry  and  the'  £-J  model  would  be 
considered  as  a  relevant  model  for  the  Cu-oxide  superconductors.  Our  results  for  Nd9_ 
_^ej^u04,  however,  show  no  evidence  for  the  presence  of  Cu  d^^  configuration  [7],  Figure  2 
shows  the  Cu  2p  x-ray  photoemission  (XPS)  spectra  of  Nd2^/::e;tCu04,  showing  no  sign  of  Cu  d^^ 
up  to  A-  =  0.15.  {The  filled  circle  in  the  insert  of  Fig.  2  is  for  a  reduced  sample,  for 
which  the  grain  boundary  may  be  be  contaminated  by  Cu'*'  impurity  phases.)  Our  result  is 
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Photoemission  Intensity  (arb. units) 


Binding  Energy  (eV) 


Fig.  1  Ultra-violet  photoemission  (UPS) 

spectra  of  Bi2Sr2Co06+yi  Bi2Sr2CuOe, 
and  Bi2Sr2CaCu208  taken  with  hj/  = 
21.2  eV.  The  inset  shows  spectra 
near  the  Fermi  level  on  an  expended 
energy  scale. 


Binding  Energy  (eV) 

Fig.  2.  Cu  2P  core-level  XPS  spectra  of 
Nd2-xCeACu04  (hv=  1253.6  eV).  (a) 
Measured  spectra.  For  x  -  0.1  and 
0.2,  difference  from  x  =  0  is  shown 
on  the  bottom  of  each  spectrum,  (b) 
Superposition  of  the  x  =  0  and  Cu20 
spectra  to  simulate  the  case  where 
all  doped  electrons  enter  the  Cu  3d 
orbitals.  In  the  insert,  relative 
intensity  of  the  satellite  to  the 
main  peaks  is  plotted  as  a  function 
of  X.  The  solid  line  in  the  insert 
shows  the  expected  behavior  when  all 
doped  electrons  occupy  the  Cu  3d 
orbitals. 
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The  XPS  spectra  of  Nd2-j^ej^u04  in  the  valence-band  region  reveal  weak  emission  at 
whose  intensity  increases  with  Ce  content.  In  Fig.  3,  we  compare  the  valence-band 
photoemission  spectra  of  Nd2«;tCe;^u04  and  hole-doped  La2-;KSr;^Cu04.  We  note  that  the 
position  of  in  the  two  types  of  superconductors  are  remarkably  similar:  The  position  of 
Ep  differs  only  ^0.3  eV  between  them  although  the  parent  compounds,  La2Cu04  and  Nd2Cu04, 
have  band  gaps  as  large  as  1.5-2  eV.  This  indicates  that  the  Ep's  of  the  doped  samples  are 
located  well  within  the  band  gaps  of  the  parent  materials  and  are  pinned  by  states  induced 
by  doping.  The  E^'s  are  not  located  at  the  top  of  the  valence  band  or  the  bottom  of  the 
conduction  band  as  would  be  expected  for  a  rigid-band  picture  for  the  electron  and  hole 
doping.  The  doping-induced  states  may  originate  from  many-body  effects  involving  Cu  3cf-0  2p 
hybridization  [11]  or  may  be  induced  by  the  impurity  potential  of  the  substitutional  Sr  and 
Ce  ions  [12J. 


The  presence  of  doping-induced  states  is  clearly  seen  in  the  Bremsstrahlung  isochromat 
(BIS)  spectra  of  La2-^rjfNi04  as  shown  in  Fig.  4,  In  this  case,  the  density  of  states  at  E-p 
is  vanishingly  small  since  the  samples  (x  =  0  and  0.15)  are  semiconducting.  These  states 


Fig.  3.  Top:  Comparison  of  the  UPS 

spectra  of  Nd2-^^e;^Cu04  and  La2-. 
j^r;jCu04  ihw  40  eV)  which  have 
been  shifted  so  as  to  align  the  tops 
of  the  valence  bands.  Bottom: 
Schematic  representation  of  the 
electronic  structure  near  the  Fermi 
levels  in  the  two  compounds,  showing 
the  position  of  Fp  within  the  band 
gaps. 


Fig.  4.  BIS  spectra  of  La2-.;^5r;4.Ni04  with 
X  =  0  and  X  =  0.15  (solid  curve  and 
dots,  respectively;  hu'  =  1486.6  eV). 
The  spectra  have  been  normalized  so 
that  the  intensity  of  the  La  4f 
states  is  proportional  the  number  of 
La  atoms,  2-x’.  Doping-induced 
states  appear  1-3  eV  above  Ep, 
Unoccupied  Ni  sUtes  are  located 
at  '2-3  eV.  The  La  5d  and  Sr  4d 
bands  are  observed  around  6  eV. 
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can  be  naturally  explained  as  due  to  states  which  are  split  off  from  the  O  2p  band  due  to 
the  impurity  potential  of  the  substitutional  Sr  ions  and  are  occupied  by  the  extra  holes 
[12].  Whether  the  same  situation  occurs  for  La2-;tSr/;u04  remains  to  be  studied. 
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Raman  Studies  of  Spins  and  Carriers  in  Oxide  Superconductors 
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The  anomalous  spin  and  doped  charge  states  in  copper  oxide  superconductors  and  the  electron- 
phonon  interacting  states  in  BaPb^.x^^x^S  reviewed  through  the 

investigation  of  Raman  spectroscopy.  From  the  anomalies  in  the  magnon  scattering  in  copper 
oxides  the  existence  of  four-spin  cyclic  exchange  interactions  are  concluded.  When  carriers 
are  doped,  the  Ajg  spectra  change  into  continuous  spectra  from  ur^O  to  over  7000  cm^^,  which  are 
quite  different  from  the  normal  Fermi  liquid.  Those  are  discussed  in  connection  with  the 
marginal  Fermi  liquid  model.  The  Raman  spectra  in  BaPbi_xBix03  and  BaxKi_xBi03  show  the 
coexistence  of  itinerant  large  polarons  and  localized  bipolarons.  The  superconductivity  model 
induced  by  their  mutual  interactions  is  the  same  as  Varma*s  speculative  model  for  the 
susceptibility  of  the  marginal  Fermi  liquid. 

1,  Introduction 

The  high  T^.  superconductivity  is  endowed  by  the  appropriate  carrier  doping  into  the  specific 
charge-transfer-type  insulators  with  two-dimensional  pseudo-square  lattices  of  Cu02.  On  increasing  the 
doping  concentration,  the  insulators  change  to  superconductors  and  to  normal  metals  in  the  sense  that 
they  do  not  undergo  superconducting  states.  In  these  materials  the  normal  states,  insulator  phases,  and 
normal  metallic  phases,  as  well  as  the  superconducting  states  are  all  anomalous.  These  are  reviewed  by 
the  Raman  scattering  spectroscopy. 

2.  Two-spin  and  four-spin  exchange  interactions  in  undoped  antiferromagnetic  insulator  phases  of  the 
copper  oxides 

Many  anomalies  in  the  antiferromagnetic  insulator  phases  and  the  carrier  doped  phases  have  been 
attributed  to  the  two-dimensional  quantum  spin  effects.  They  are,  for  examples,  the  strong  two- 
dimensional  spin  correlation  even  above  the  antiferromagnetic  transition  temperature  (T|^),  the  short 
spin  correlation  length  in  spite  of  the  large  antiferromagnetic  exchange  interaction  (J),  and  also  the 
mobility  of  doped  carriers  in  the  antiferromagnetic  spin  sea.  The  present  Raman  scattering  experiments 
revealed  the  existence  of  four-spin  cyclic  exchange  interactions  in  addition  to  the  two-spin  exchange 
interactions. four-spin  exchange  interactions  have  effects  to  frustrate  the  antiferromagnetic 
spin  order  and  modify  the  system  composed  of  itinerant  carriers  and  localized  spins.  These  four-spin 
exchange  interactions  are  not  included  in  the  Heisenberg  model. 

Figure  1  shows  polarized  Raman  spectra  at  30  K  in  the  insulating  phases  of  S=l/2  copper  oxides; 
hole  superconductors  La2Cu04,  YBa2Cu305^2»  ®^2^^2^^0.5^0,5^^2^8+y »  electron  superconductors  Nd2Cu04 

and  Pr2Cu04,  and  an  S=1  nickel  oxide;  La2Ni04.2  The  incident  wavelength  (X^)  is  4579  X.  The  solid 
curves  are  the  Bjg  spectra  measured  at  the  (x\  y*)  polarization  configuration  and  the  dbtted  curves  are 
the  Aig+B2g  spectra  at  (x*,  x*).  The  B2g  components  are  about  10%  or  less.  Here  (x*,  y*)  indicates 
that  the  polarization  of  the  incident  light  is  parallel  to  the  x*=[l,  1,  0]  direction  and  the  scattered 
light  to  the  y’-[i,  -1,  0],  where  x,  y,  and  z  are  the  axes  of  the  Cu02  quasi-square  lattice.  In  the 
copper  oxides  the  peaks  above  7000  cm~^  are  due  to  the  luminescence.  The  peaks  below  800  cm”^  are 
mainly  from  one-phonon  scattering  and  the  peaks  between  800  and  1500  cm*"^  are  from  two-phonon 
scattering.  Very  strong  even-order  multi-phonon  resonant  scattering  is  observed  in  the  Ajg  spectra  of 
La2Cu04,  when  excited  with  Xj^=5145  X,  The  isostructural  La2Ni04  shows  multi-phonon  scattering  of  the 
674  and  718  cm“^  modes. 

The  two-magnon  scattering  peaks  are  observed  in  the  Bjg  spectra  at  3230  cm~l  in  La2Cu04,  2730  cm~l 
in  YBa2Cu306^2>  3080  cm"l  in  Bi2Sr2Cao.5Yo,5Cu20g+y ,  2890  cm^^  in  Nd2Cu04,  2820  cm~l  in  Pr2Cu04,  and 
1640  cwT^  in  La2Ni04.  The  estimated  J  is  1200  cm“^  for  La2^^^4»  for  YBa2Cu 305^2*  cm"^ 
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for  Bi2Sr2Cao.5Yo*5^^2^8+y»  ^ 

Nd2Cu04,  1040  cm“l  for  Pr2Cu04,  and  240 
cm-1  for  La2Ni04,  on  the  assumption  that 
the  peak  energy  is  2.7J  for  the  S=l/2 
copper  oxides  and  6.7J  for  the  S=1  nickel 
oxide. 

In  La2Ni04  the  linewidth  of  the  two- 
magnon  peak  is  narrow  and  the  shape  is 
close  to  the  theoretical  curve.  On  the 
other  hand  the  copper  oxides  show 
theoretically  unexpected  characteristics. 
(1)  The  Big  spectra  have  secondary 
scattering  intensities  near  4J  (classical 
cutoff  energy  for  the  two-magnon 
scattering).  (2)  The  Aig  spectra  have 
large  intensities.  The  strong  Aig 
spectra  are  not  explained  in  the  known 
theory  of  two—magnon  scattering.  (3)  The 
spectra  extend  up  to  8J.  (4)  The  widths 

of  the  two-magnon  peaks  are  abnormally 
large. 

Singh  et  al.^  tried  to  explain  the 
large  linewidth  of  the  ^ig  two— magnon 
peak  in  La2Cu04  by  the  S=l/2  quantum  spin 
fluctuations  and  the  Aig  and  B2g  spectra 
by  the  diagonal-second-neighbor  spin-pair 
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Fie.l  Polarized  Raman  spectra  at  30  K  for  Xj^=4579  X.  The 
solid  curves  are  the  (x',  y’)  specWa,  and  the  dotted 
curves  are  the  (x'.  x')  spectra.  The  (x*.  x  )  and  (x  . 
y')  spectra  are  plotted  with  the  same  scale  for  each 


excitations  permitted  by  the  quantum  spin  c  o.  4 

fluctuations.  The  theoretically  estimated  second-neighbor  exchange  energy  J2  is,  however,  only 
so  that  it  is  very  difficult  to  explain  the  large  scattering  intensity  up  to  8J.  The  high  energy 
continuum  may  exist  above  the  magnon  dispersion  curve  in  the  quantum  spin  system.  The  theoretical  wor 
in  the  two-dimensional  5-1/2  system  has  not  been  done,  so  that  it  is  difficult  to  estimate  this  effects. 

If  the  new  4J  peaks  are  assigned  to  the  four-magnon  peaks  caused  by  the  four-spin  cyclic  exchange 
interactions.5  the  high  energy  tails  up  to  8J  are  naturally  explained.  The  energy  of  the  interacting 
four  magnons  created  on  the  neighboring  four  sites  on  a  square  is  roughly  (4ZS-4)J,  where  Z=4  is  the 
number  of  neighboring  spins  and  S-1/2.  This  energy.  4J.  is  close  to  the  new  peak  energy.  The  recent 
calculation  by  Schmidt  and  Kuramoto6  shows  that  the  four-spin  exchange  interaction  (K)  is  about  ^20%  of 
J.  Then  we  conclude  that  the  new  peaks  are  the  four-magnon  peaks  caused  by  the  four-spin  cyclic  exchange 

interactions.  > 

In  the  above  discussion  it  is  assumed  that  the  four-spin  exchange  interactions  work  directly  on  y 

in  the  formation  of  the  four-magnon  peaks,  but  do  not  alter  the  magnon  states  essentially.  The  four- 
spin  exchange  interactions,  however,  strongly  modify  the  magnon  dispersion  curves  and  frustrate  the 
antiferromagnetic  orders  as  observed  in  the  very  large  linewidths  of  the  two-magnon  peaks.  The 
stability  of  the  four-magnon  scattering  in  the  doped  superconducting  cuprates  and  the  definite 
difference  form  La2Ni04  suggest  the  importance  of  the  four-spin  cyclic  exchange  interactions  for  the 


superconductivity . 


*3.  Electronic  states  in  the  spin  and  charge  fluctuations 

When  holes  are  doped  in  the  antiferromagnetic  states,  the  interactions  between  the  doped  hole  spins 
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In  the  report  titled  "Raman  studies  of  spins  and  carriers  in 
oxide  superconductors"  by  S.  Sugai  which  recently  appeared  in 
"Research  Report  on  Mechanism  of  Superconductivity",  Science 
Research  on  Priority  Areas  No. 031,  Ministry  of  Education,  Science 
and  Culture,  Japan,  p259,  a  different  figure  was  stugk  for  Fig.l. 
The  printed  figure  is  the  Raman  spectra  for  Ai=5145  A.  The 
spectra  for  Xj^=4579  A  are  shown  below. 
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I  am  very  sorry,  if  this  caused  confusion. 

Sincerely  yours, 


Shunji  Sugai 


0  sites  and  the  localized  spins  at  Cu  sites  produce  hole-spin  composites  (magnetic  polarons).  It  is 

controversial  whether  they  are  Fermi  liquid  or  non-Fermi  liquid. 

The  Raman  scattering  intensity  is  giyen  by 

(ei>ee)V*(q'^0.  <»)  (1) 

l-exp(-w/T)  ’ 

where  di  and  €3  are  the  unit  vectors  of  the  polarizations  of  the  incident  and  scattered  light,  and 
x'>(q''X).  CO)  is  the  imaginary  part  of  the  susceptibility.  X”(qM).u))  for  the  charge  fluctuation  in  the 
normal  Fermi  liquid  is 

X”(q'v0,  (o)  nN(0)co/(2qVF)  for  |tol<qVF.  ^2) 

0  fof  I“I><iVf» 

where  N(0)  is  the  one-particle  density  of  states  and  Vp  is  the  Fermi  velocity.  qVp  is  estimated  as 
about  100  cm-1.  Therefore  no  scattering  intensity  is  expected  above  100  cm-l,  which  is  quite  different 
from  the  experimental  resultss 

Recently  Varma  et  al.7  proposed  a  Marginal  Fermi  liquid  model.  They  claimed,  if  a  phenomenological 
hypothesis  for  both  charge  and  spin  susceptibility 

x"mFL<‘1*  for  |(0l<T, 

-v,  N(0)sgn(o  for  lo)|>T  . 

is  Introduced,  many  anomalies  in  the  normal  states  and  the  superconducting  states  can  be  explained. 

This  susceptibility  is  quite  different  from  the  normal  Fermi  liquid.  Very  recently  Ruvalds  and 
VirosztekS  shewed  that  the  similar  susceptibility  XnFL  is  obtained  in  the  nested  Fermi  liquid  without 
any  empirical  hypothesis. 

Figure  2(a)  shows  the  (x',  x')  spectra  with  dominantly  Aig  symmetry  and  (b)  the  (x’,  y’)  spectra 
with  Big  symmetry  from  U2-xSrxCu04  measured  at  30  K.  The  samples  with  x-0.116  and  x-0.2  are 
superconductors  with  the  T^-IO  K  and  20  K,  respectively.  The  sample  with  x-0.34  is  the  normal  metal. 

The  (x*,  X*)  spectra  of  x-0  and  Xj-SUS  X  have  large  even-order  multi-phonon  scattering  components.  The 
magnon  component  is  estimated  from  the  Xi-4579  X  spectra  and  other  cuprates  that  the  intensity  increases 
from  1000  crn’l  and  reaches  the  maximum  at  about  3500  cm'l  and  then  gradually  decreases  toward  8000  cm*  . 
The  magnon  component  at  3000  cm"!  is  estimated  as  about  1/3  of  the  observed  intensity. 

When  holes  are  doped,  the  Aig  and  Big  spectra  show  very  different  behavior.  The  Aig  spectra 
immediately  change  to  the  continuous  spectra  from  uAO  to  over  7000  cm"!.  The  susceptibility  X 
obtained  by  dividing  the  spectra  by  the  statistical  factor  l/{l-exp(-w/T)}  shows  the  o>-linear  increase 
from  wvO,  and  reaches  the  folding  point  near  T  and  then  gradually  decreases.  The  intensity  at  high 
energies  decreases  with  the  increase  of  the  hole  concentration.  In  the  Big  spectra  the  intensity  slowly 
increases  in  proportional  to  w.  The  gradient  increases  with  the  increase  of  the  hole  concentration,  and 
the  folding-point  energy  shifts  to  the  low  energy  as  shown  in  Fig.  2(b). 

The  intraband  single  particle  excitation  gives  only  the  Aig  component.  In  order  to  give  the  Big 
component  in  YBCO,  Monien  et  al.9  introduced  the  interband  excitation  between  the  bands  crossing  nearby 
the  Fermi  energy  (Ep).  The  Big  component  are,  however,  commonly  observed  in  Bi2Sr2CaCu208+y  and  La2-x- 
SrxCu04.  This  indicates  that  the  Big  scattering  does  not  depend  on  the  accidental  band  crossing  near 
Ep.  It  is  natural  to  suppose  that  the  Big  component  of  the  single  particle  excitation  gains  the 
scattering  Intensity  from  the  magnon  component  through  the  interactions.  The  difference  between  the  Aig 
and  Big  spectra  is  directly  related  to  the  experimental  facts  that  the  superconducting  gap  in  the  Aig 
symmetry  is  smaller  than  in  Big.^®»^^ 

When  Sr  concentration  changes  from  x-0  to  x-0.34,  the  nesting  condition  of  the  Fermi  surface  is  , 
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sujrposed  to  chcinge 
largely.  Nevertheless 
the  essential  change 
is  not  observed  in  the 
Aig  spectra  of  the 
doped  samples.  This 
suggests  that  the 
nested  Fermi  liquid 
model  is  unfavorable. 
The  fact  that  the  Ajg 
spectra  of  x=0,34 
extend  above  7000  cm“^ 
indicates  that  the  so- 
called  -  *  normal  : 
metallic  phase*  ^ iis 
never  normal  Fermi 
liquid.  ,  .  ^  . 

The 

characteristic 
temperature  dependence 
of  the  low-energy 
susceptibility  in  the 
marginal  Fermi  liquid, 
X*  *MFL  N(0)to/T  for 
uKT,  can  be  compared 
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Fig. 2  (a)The  (x*.  x*)  spectra  and  (b)the  (x* y* )  spectra  of  Lao-vSryCuA  at 
30  K  with  A^=5145.X, 


with  the  experimentally  obtained 
X**,  if  the  Raman  spectra  are 
divided  by  the  statistical 
factor.  The  conclusive  results 
are,  however,  not  obtained  at 
present,  because  the  electron 
temperature  is  supposed  to  rise 
by  the  incident  laser  beam  in  the 
present  experimental  condition. 

Varma  et  al.  supposed  that 
the  spin  and  charge 
susceptibility  have  the  same 
functional  form.  Now  let  us  see 
the  case  of  BaxKi_xBi03  in  which 
spins  do  not  contribute  to  X*  * . 
Figure  3  shows  the  Raman  spectra 
of  BaxKi«x®i03  as  well  as  the 
copper  oxides  superconductors  at 
30  K,  The  solid  and  dashed 
curves  are  the  superconductor 
phases  and  the  dotted  curves  are 
the  insulator  phases.  These 
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Fig. 3  Raman  spectra  of  BaxKi-xB^^3  copper  oxide 

superconductors  at  30  K  with  X^=5145  A.  The  solid  curves  and  the 
dashed  curves  are  the  spectfa  in  the  superconducting  compositions 
and  the  dotted  curves  ara  in  the  insulating  compositions. 


267 


Big  components.  Bax*- 

copper  oxides  have  the 
continuous  scattering 
ranging  from  uAO  to 
over  4000  cm“^ •  This 
indicates  that  the 
non-Fermi  liquid 
behavior  in  the  oxide 
superconductors  is 
caused  not  only  from 
the  spin  fluctuation, 
but  also  from  the 
charge  fluctuation. 

The  non-Fermi  liquid 
is  the  universal 
property  in  the  high 
Tj.  superconductors. 

Varma  speculated 
that,  if  the  normal 
state  is  a  mixture  of 
bound  pairs  of 
electrons  and  *’free** 
electrons,  then  their 
mutual  scattering 


Fig. 4  Raman  spectra  in  BaPbi-xSix^S 
about  30  K  and  the  decomposed  five  peaks 
and  the  sum  of  the  decomposed  peaks. 


Fig. 5  Energies,  relative 
intensities,  spectral  widths 
of  the  decomposed  peaks. 


leads  to  the 

susceptibility  of  Eq.(3).  This  is  exactly  the  model  that  I  proposed  for  the  superconductivity  mechanism 
in  BaPbi_jcBix03  and  BaxK1_xBiO3.i2.i3  i„  these  materials  the  strong  electron-phonon  interactions  of 
the  breathing  phonon  modes  make  localized  bipolarons  in  which  antiphase  vibrations  of  two  neighboring 
Bi(Pb)06  octahedra  are  accompanied  by  the  charge  transfer  between  them.  The  localized  bipolarons  and 
itinerant  large  single-polarons  coexist  in  the  almost  whole  range  of  doped  electron  concentrations.  The 
superconductivity  is  induced  in  the  appropriate  rate  of  those  mixtures. 


4.  Superconductivity  in  the  mutual  interacting  system  of  itinerant  large  polarons  and  localized 
bipolarons  in  BaPbi-x®^x^3  ®^x^l-x®^^3 

The  electric  properties  of  BaPbi_xBix03  change  drastically  with  the  increase  of  Bi  concentration; 
seraimetallic  at  x=0,  metallic  at  x<0.35,  and  insulating  at  x>0.35.  On  increasing  x,  the  Tc  increases 
with  X  and  reaches  maximum  at  x=0.25rv«.3,  then  rapidly  decreases  in  accordance  with  the  metal-insulator 
transition.  The  start  of  opening  of  an  insulating  pseudo-gap  is  observed  at  x=0.15. 

Figure  4  shows  the  Raman  spectra  of  BaPbi_xBix03  at  about  30  K.12  The  drastic  change,  on 
increasing  x,  is  observed  in  the  continuum  peak  ranging  from  below  100  cm"!  to  650  cm"!.  This  broad 
continuum  is  decomposed  into  five  peaks.  The  energies,  relative  intensities,  and  spectral  widths  are 

shown  in  Fig. 5. 

In  order  to  explain  the  Raman  spectra,  an  itinerant  electronic  state  and  a  localized  state  are 
introduced.  Both  states  coexist  in  almost  the  whole  range  of  Bi  concentration.  The  itinerant  state  is 
dominant  at  small  x,  and  the  localized  state  increases  above  x-0.15.  We  suppose  that  the  itinerant 
electronic  state  has  a  finite  extent  of  wave  function.  The  metal-insulator  transition  at  x=0.35,  on 
increasing  x,  is  interpreted  as  the  disappearance  of  percolation  paths  due  to  the  decrease  of  the  extent 
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of  wave  function,  which  is  caused  by  the  increase  of  impurity  potentials  of  Bi  on  the  conductance  paths. 

All  the  relevant  five  modes  are  assigned  to  the  breathing  modes  couple  with  itinerant  and  localized 
electrons.  The  highest  energy  peak  at  616  cm^^  with  narrow  linewidth  is  assigned  to  the  bare  breathing 
mode  of  Pb(Bi)05  octahedra  with  no  excess  electron.  The  546  cm”^  mode  which  has  very  large  scattering 
intensity  in  the  insulating  region  is  assigned  to  the  out-of-phase  vibration  of  the  breathing  mode  in 
dimerized  Pb(Bi)05  octahedra.  This  vibration  is  accompanied  by  the  charge  transfer  of  excess  electrons 
within  the  dimers,  that  is  bipolarons.  The  493  cm”^  mode  which  has  large  intensity  in  the  metallic 
region  is  assigned  to  the  breathing  mode  coupled  with  the  itinerant  electrons.  The  295  cm~^  mode  which 
shows  softening  toward  x=0.15  is  assigned  to  the  breathing  mode  coupled  with  the  electronic  transition 
from  the  itinerant  state  to  the  localized  state. 

The  highest  T^  is  achieved  under  the  balance  of  population  rate  between  the  localized  bipolarons 
and  the  itinerant  large  single-polarons.  Robaszkiewicz  et  al.^^  and  Chen  Chang-feng  et  al.^^  showed  the 
enhancement  of  T^,  in  the  free  carrier-bipolaron  interacting  system. 

The  utmost  difference  between  Ba^Ki-x^iOs  and  BaPbi_x®ix03  is  the  soft  mode  energy  in  the 
superconductor  phases.  The  energy  in  is  as  large  as  in  the  insulating  phase  of  BaPb^^x"" 

Bix03.  This  indicates  that  the  extent  of  the  itinerant  wave  function  is  larger  than  in  BaPbi_x®ix^3» 
and  advantages  BaxK]^_x®i^3  raise  T^.  by  keeping  conductive  up  to  the  higher  electron  concentration. 

5,  Conclusions 

The  present  Raman  scattering  experiments  revealed  the  existence  of  the  four-spin  exchange 
interactions  in  copper  oxides  and  the  non-Fermi  liquid  behavior  of  doped  carriers  in  both  copper  oxides 
and  BaxKi_x®i03*  experimentally  obtained  model  for  the  superconductivity  in  BaxKi_xBi03  and 

BaPbi_x®ix^3»  mutual  interacting  system  of  the  itinerant  large  polarons  and  the  localized 
bipolarons,  is  the  same  with  the  speculative  model  for  the  marginal  Fermi  liquid.^  In  BaxKi_x®^^3  the 
attractive  forces  for  the  bound  pairs  of  electrons  are  the  electron-phonon  interactions.  In  the  case  of 
copper  oxides  the  phonon  spectra  in  the  superconductor  phases  are  different  from  those  in  BaxKi_x®^^3* 

It  is  speculated  that  the  attractive  forces  in  copper  oxides  are  magnetic  interactions.  When  holes  move 
in  the  quasi-square  lattice  with  antiferromagnetic  spin  order,  they  leave  the  reversed  spin  traces  which 
produce  self-trapped  potentials.  The  delocalization  has  been  discussed  with  respect  to  the  quantum  spin 
fluctuations.^^  However,  if  holes  move  in  pairs,  no  reversed  spin  trace  is  left.  This  is  the  possible 
origin  of  the  bound  pairs  of  holes  in  copper  oxides. 
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Correlation  of  the  Infrared  Anomaly  and  Superconductivity  in 

YBa2(Cui_^COx)30;_^ 
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For  ,YBa2Cu307_  j  oxides  sintered  at  variog^s  temperatures .,tfie 
infrared  absorption  m  o  d  3  of  i  n-p  1  a  n  e  C  u  ( 2  ) -.0  ( 2 , 3 )  sfretphing  motions  , 

shows  the  anomalous  behavior  to  disappear  for  superconduct,i  n:g- -  s  anvpl  e  s  J 

although  it  is  allowed  by^the  selection  rule.  The  correlation  Between  ^ 
the  infrared  anomaly  and  superconductivity  has  been  confi/m,ed 

systematically  for  YBa2CCUi^xCo^)307._5  system  i  n  .  t  h  e  C  o  c  p.ncfi.nt  r  a  t  i,p  n 

region  of  0<x<0.3  for  samples  quenched  from  si  nteri  ng  temperatures  .of 
400,  500,  ^00,  700  and  800°C.  From  the ^ conti nuous  variation  of  the 

infrared  anomaly,  itineracy  of  carriers  for  semi conducti ve  samples  has 
been  estimated  to  be  about  2.2  atomic  di  stances.  The  fact  that  hopping 
carriers  have  partial  itineracy  is  co'nsistent  with  the't-J  motfei. 

For  RBa2Cu307_j,  s  e  n  s  i  t  i  v  e  de  pen  d  e  nc  e  of. the  i  nfrar.ed  ^spectrum  on  .oxygen 
content  has  been  reported.  Mai  n  mot.  i  vat  ion  of  this  work  is  to  investigate  wh-efher 
the  variation  of  infrared  spectra  of  RBa2Cu307_5  -may  be  systematic  a  1  ly.,^  ^ 
by  the  concept  of  the  infrared  anomaly,  which  we  introduced  to  interpret'-the  infdred 
spectra  of  (La,  _^Mx)2Cu04  systems.''  ^  Superconducti  yUy  i  s  controTl  ed '.b-pth  by  ..the 
carrier  concentration  and  substitution  of  transition  metal  ions  fOT  Cu  i.ons,.-  ib;|his 
work,  we  made  YBa2(Cu,.^CO)()307_.j  sampl  es  and  changed  «  by  quench i  ng  ^sam p  1  es  if^yom 
various  sintering  temperatures. 2^  The  reason  thpt  we  ctose'  .Co  ions,  for^  subs.titat.ion 
is  that  they  are  expected  to  Occupy  mainly  CuCll  sites.  /  •  >  . 

The  polycrystalline  samples  were  prepared  by  standard/ceramic  techni  ques.L,  As 
starting  materials’,  Y2O3,  BaC03,  CuO  and.  CoO  were  used.  The  purity  of  these 
starting  materi  al  s  was  99.99  t,  except  'for  ,'99.9  ■%, purity  pfBaCOj.iy-Pow-deTrs 
starting  materials  were  combined  i  n  ■  appr  opri'ate  proportions  to  ■prepare-,  mii'kt-u  res  with 
desired  compositions.  These  mixtures  were  pressed  at  about  100  kg/cm  to  form 
cylindrical  pellets  of  ^  1.5  cm  in  di  ameter  and  7=  0.5  cm  thick.  The  pellets  were 
pre-fired  at  940  °C  in  air  for  10  hours,,  followed  by  two-time  firing,  at  . .970°  C.  for  1.0 
hours  with  intermittent  grinding.  For  Y  B  a  2  C  C  u  ,  _  ^  Co  ^  )  3  0  7  _5.  s  y  s  te  ni ,  ,e  1  e  v  e  n 
concentrations  of  x  =  0,..0.02,  0.04,  0.06  0.08,  0.1  0.1  2,  0.1  5, .0.2,  0.25  and  0.3 
were  chosen.  To  control  the,  oxygen  def  i  c  i  ency  . « ,  s  amp  1  es  were  fir  ed  i.n.,pir,  at 
various  temperatures  and  then  quickly  quenched  into  liquid  nitrogen.  The  s.intering 
temperatures  were  400,  500,  600,  700  and  800  °C.  For  YBa2Cu307.j,  the  sinte.rl.ng 
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Infrared  absorption  spectra  were  measured  using  a  HITACHI  model  270-50  Infrared 
Spectrophotometer  with  a  Csl  method  in  the  energy  region  of  250-4000  cm"  .  Features 
due  to  phonons  were  observed  below  800  cm'^  and  data  are  shown  in  the  energy  region 
of  250-800  cm-''.  All  the  infrared  measurements  were  carried  out  at  room  temperature. 
The  infrared  spectra  of  YBa2Cu307_5  quenched  from  various  sintering  temperatures 
(T  )  are  shown  in  Fig.  1  (al.  In  the  figure,  the  spectrum  depends  on  T^ 
sensitively.  As  T  increases,  three  clear  peaks  appear,  which  are  labeled  as  P^,  83 
and  P3  from  the  higher  energy  side.  The  orthorhombic-tetragonal  transition  occurs  as 
T  changes  from  700  to  800°C.  83  is  observed  only  for  tetragonal  samples  and  its 

intensity  increases  as  T^  increases.  Pi  and  P3  are  observed  both  for  orthorhombic 
and  tetragonal  samples.  They  become  less  clear  as  Tq  decreases.  For  the  sample  of  Tq 
-  400°C,  Pi  is  not  observed  and  P3  is  traced  as  a  broad  feature.  The  decrease  of  the 
number’of  observable  phonons,  as  a  sample  transforms  f r 0 m  t e t r ag 0 n a  1  1 0 
orthorhombic,  is  a  very  interesting  phenomenon  because  all  the  infrared  active 
phonons  for  the  tetragonal  YBa2Cu307_j  are  also  allowed  for  the  orthorhombic 
crystals  by  the  selection  rules  based  on  crystal  symmetry.  Especially,  behavior  of 
P-  is  noted  because  it  disappears  just  at  the  concentration  where  the  sample  becomes 
superconductive;  i.e.  the  infrared  anomaly.  The  infrared  spectra  of  YBa2(Cui_ 
Co  )o07_,  system  are  shown  in  Fig.  1  (b)-Cf)  for  various  sintering  temperatures.  In 
the^'series  of  samples  sintered  at  400  “c,  superconductivity  is  observed  in  the 
concentration  region  of  x  <.0.1.  The  intensity  of  the  peak  83  is  essentially  zero 
for  all  superconducting  samples.  With  an  increase  of  x  over  0.1,  the  relatWe 
intensity  of  the  peak  83  increases.  For  the  series  of  the  samples  sintered  at  800  C, 
all  the  samples  are  not  superconductive  and  the  peak  83  is  observed  for  all  the 
samples.  Thus  correlation  of  the  infrared  anomaly  with  superconductivity  is 
confirmed  for  the  case  of  substitution  of  Co  atoms  for  Cu  atoms. 


Fig.  2  The  superconducting  transition  temperature  T,.  and  the  peak  height  ratio 
KPO/KPO  are  plotted  as  functions  of  the  sintering  temperature  and  the  Co 
concentration  x  for  YB 33 1 Cu ^ .,Co, ) 307., .  Clear  correlation  between  appearance  of 
superconductivity  and  near  zero  of  the  peak  height  ratio  is  observed. 
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To  characterize  the  infrared  anomaly  quantitatively,  we  use  the  ratio  of  the 
peak  height  of  P2  to  that  of  P -j  :  I C  P  2  )  / 1 C  P  ]  )  *  Absolute  intensity  depends  on  the 
conductivity  of  samples  and  also  on  the  size  of  pellets  used  for  infrared 
measurements.  However,  the  relative  intensity  ratio  is  less  sensitive  to  these 
parameters  and  can  be  estimated  reproducibly.  Here  we  need  to  admit  at  most  20  % 
uncertainty  due  to  difficulty  of  the  base  line  estimation.  The  superconducting 
transition  temperature  T^  and  the  intensity  ratio  are  plotted  as  functions  of  the 
sintering  temperature  and  the  Co  concentration  x  in  a  perspective  view  in  Fig.  2. 
Superconductivity  is  observed  only  in  the  valley  region  where  the  intensity  ratio  is 
essentially  zero.  The  correlation  between  increase  of  the  intensity  ratio  and 
disappearance  of  superconductivity  is  remarkable.  We  also  point  out  that  the 
decrease  of  the  intensity  ratio  proceeds  gradually  towards  the  concentration  region 
where  superconductivity  is  observed. 

In  our  previous  paper  on  (La^  _j^M^)2Cu04  systems, we  considered  shielding 
effects  as  a  possible  explanation  of  the  infrared  anomaly.  One  shielding  effect  is 
the  anisotropic  attenuation  of  incident  electromagnetic  waves  used  for  optical 
measurements.  Because  of  anisotropy  of  electronic  conductivity  of  the  sample, 
electromagnetic  waves  with  their  polarization  perpendicular  to  the  c-axis  are  more 
attenuated  than  those  with  their  polarization  parallel  to  the  c-axis.  However,  this 
shielding  effect  could  not  explain  the  infrared  anomaly  of  CLa^  _j^Mj^)2CuO^.  Of  the 
three  infrared  absorption  peaks  observed  in  the  energy  region  of  250-800  cm“\  two 
are  modes  with  their  polarization  perpendicular  to  the  c-axis.  One  is  the  Cu-0 
bond-stretching  mode  and  the  other  the  La-0  bond-bending-stretching  mode.  Only  the 
former  shows  infrared  anomaly.  To  explain  it,  we  proposed^^  another  shielding 
effect  that  electric  dipole  moments  of  optical  phonons  corresponding  to  relative 
motions  of  Cu  atoms  and  0  atoms  in  conducting  planes  are  shielded  by  free  carriers 
directly.  For  C  L  a  1  _  M  )  2C  u  O4 ,  relative  motions  of  La  atoms  to  0  atoms  are  not 
shielded  directly. 

To  examine  whether  the  infrared  anomaly  in  YBa2Cu307_^  is  explained  similar 
way,  we  need  to  assign  phonon  modes.  Different  assignments  have  been  made  by  a  few 
authors. In  our  recent  paper, we  compared  various  experimental  data  and  model 
calculations.  Our  assignment  of  the  three  peaks  Pi,  P2  and  P3  are  shown  in  Fig.  3. 
The  anomalous  peak  P2  is  the  in-plane  CuC2)-0C2,3)  stretching  mode,  which  is  a 
relative  motion  of  atoms  in  the  conductive  planes.  It  is  Interesting  to  note  that, 
both  for  CLai  RBa2Cu307_5  systems,  the  anomalous  mode  is  the  Cu-0  bond 

stretching  in  the  conductive  CUO2  planes.  We  note  that  the  selective  disappearance 
of  the  mode  occurs  continuously  as  shown  in  Fig.  2.  There  are  two  possibilities  for 
this:  the  mode  is  shielded  homogeneously  or  locally.  We  take  the  latter  possibility 
because  conductivity  of  a  semiconducting  sample  exhibits  a  variable-range-hopping- 
like  temperature  dependence.  The  shielding  is  characteristic  for  free  carriers.  In 
order  to  explain  that  the  shieldings  occur  even  for  semiconducting  samples,  we  need 
to  take  into  account  local  itineracy  of  carriers  C  holes  ).  They  are  expected  to 
shield  the  electric-dipole  moments  of  optical  phonons  effectively  covered  by  the 
local  Itineracy.  Then  the  concentration  at  which  the  anomalous  mode  fully  disappears 
Indicates  that  local  conductive  regions  fully  overlap  mutually  and  and  cover  whole 
the  sample.  Assuming  that  the  insulative  YBa2Cu30g  has  no  hole,  one  hole  per  two 
0C2,3)  atoms  is  Introduced  for  YBa2Cu307.  As  shown  in  Fig.  2,  the  peak  P2  fully 
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disappear  for  the  sample  sintered  at  700°C  with  estimated*  value  of  0.6.  For  this 
value, 0.2  holes  per  one  0C2,3)  atom  Is  Introduced.  Fromthls,  the  localltinerant 
region  of  a  single  carrier  Is  estimated  to  be  2.23ax2.23a,  a  being  the  lattice 
parameter.  This  means  an  Isolated  carrier  can  freely  move  only  to  nearest 
neighbors.  If  we  make  a  similar  calculation  for  CLai_xMx)2Cu04,  the  Itinerant  region 
is  estimated  to  be  5.8ax5.8a,  which  Is  larger  than  that  for  YBa2Cu307_j.  It  Is 
Interesting  to  note  that  the  more  localized  the  carriers  are  the  higher  the 
superconducting  transition  temperature. 


Fig.  3  Eigenvectors  of  the  three  lattice  vibrational  modes  P-j,  ^2  C^jclosed 

circle:  0;open  circle:  Y;dotted  circle:  Bajhatched  circle. 

As  mentioned  above,  carriers  In  the  semiconducting  samples  are  expected  to  have 
certain  degree  of  local  Itineracy  while  they  hop  from  one  localized  site  to  another. 
This  behavior  of  carriers  is  consistent  with  the  t-J  model.^*®^  According  to  the 
model,  motions  of  carriers  accompany  modulation  of  spin  arrangement.  The  modulation 
effectively  produce  a  potential  for  carriers.  This  coherent coupl ed  motions  of 
carriers  and  spins  give  carriers  certain  degree  of  local  Itineracy.  Thus  the 
Infrared  anomaly  Is  consistent  with  the  t-J  model  at  least  qualitatively. 
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HOPPING,  FREE  CARRIER  AND  SUPER -CONDUCT I ON 
IN  fIR  OPTICAL  CONDUCTIVITY  OF  Bi-Sr-Ca-Cu-0  THIN  FILMS 

K.  Nagasaka,  M.  Sato  and  N.  Tonosaki 

Department  of  Physics,  Science  University  of  Tokyo 
..  Kagurazaka, .  Shinjuku-ku,  Tpkyo,  162 

Far  infrared  spectroscopy  has  been  carried  out  in  the  range  3  to  500  cm“^, 
by  using  a  lamellar  grating  and  Michelson  Fourier  transform  spectrometer. 

(1)  We  prepared  semiconducting  thin  films  cleaving  a  crystal  which  exhib¬ 

its  the  superconductivity  in  the  case  of  the  DC  measurement.  Their  thick¬ 
ness  is  about  5,  /lim  and  the  size  is  about  2x2  mm^ .  '  Using  the  incident 

electric  field  dri  tTie'  metallic  a-b  plane  of  the  crystal;  we  obtained  the 
absorption  coefficient’, 

a  ^  =  ^  %.  (s  =  l/3)  . 

From  the  absor|)tion  spectra,  the  coriciuction  mechanism  is  attributed  to  the 
variable  range  hoppirig  conduction  in  tiie  band  of  Cu-0  planes.  It  is  quite 
different  from  the  free  carrier  conduction  mechanism  of  the  Drude  model. 

'4.  ■  ‘  i  -  ' 

(2)  We  measure^d  the  temperature  dependence  of  the  transmission  spectrum  in 
the  range  50  to  300  cm"^  of  the  superconducting  crystal  films  which  were 
prepared  on  MgO  substrate  by  the  CVD  method.  From  the  spectra,  we  present 
the  ratio  of  superconducting  to  normal  transmittance  minus  unity.  (Tg- 
'^n)/'^n»  where  Tg  and  T^^  are  its  transmittance  at  temperature  below  and 
above  the  superconducting  transition,  respectively.  This  spectrum  can  be 
given  by  using  a  dielectric  constant, 

■  ^  ^n^D  V(l-fn)es»  T^)  , 

where  e  is  the  high  frequency  dielectric  constant,  that  of  the  Drude 
model,  eg  that  of  optical  conductivity  of  Mattis-Bardeen  theory  and  f^  the 
normal  electron  friction  in  the  total  number  of  conduction  electrons  in  the 
crystal  of  which  the  plasma  frequency  is  about  10^  cm“^. 

(3)  We  have  measured  the  dependence  of  the  transmittance  on  magnetic  field 
in  the  range  0  to  3.7  T.  By  using  the  ratio , T( H)/T( 0 ) .  we  can  find  the 
qualitative  features  of  the  dependence  of  superconducting  energy  gap  on 
magnetic  field,  Qg(H) .  The  curve.  Qg  versus  H.  gives  so  fairly  close 
coincidence  with  Abrikosov  and  Gor'kov  theory.  From  this  experiment,  we 
determined  the  optical  gap,  220  cm’^,  and  the  upper  critical  magnetic 

, field,  38  T,  and  consequently  obtained  the  relation 
Qg(0)=2AP(0)-^3.9kQTc. 

INTRODUCTipN 

There  has  been  considerable  attention  paid  to  determining  of  superconducting 
energy  gap  using  far  infrared  spectroscopy.  Thomas  et  al . ^ )  obtained  reflectance  R=1 
at  low  frequency,  and  the  relationship  between  the  superconducting  energy  gap  at  T=0K 
and  the  critical  temperature,  2  AQ/kT^^  =  3-4 ,  using  microtwinned  crystals  Ba2YCu30«7 
with  T^=50  and  68  K.  Timusk  and  Tanner  et  al.^^  measured  the  reflectance  of 
Bi2Sr2CaCu20Q  crystals  in  the  superconducting  state  and  a  sharp  reflectance  edge  at 
300  cm"^  associated  with  a  threshold  in  real  part  of  the  optical  conductivity.  Re- 
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cently.  transmission  spectra  have  been  observed  in  superconducting  Bi -Sr-Ca-Cu-0 
films. 

Using  low  frequency  transmission  spectroscopy,  we  can  observe  a  direct  interac¬ 
tion  with  the  elementary  excitation  which  plays  an  important  role  in  conduction  in 
solids.  It  is  a  more  direct  method  of  assessing  conductivity  than  the  wide  range 
reflectance  measurements  and  the  Kramers  and  Kronig  transformation  of  their  spectra. 
In  this  paper,  we  report  the  far  infrared  transmission  measurement  of  semiconducting 
and  superconducting  Bi-Sr-Ca-Cu-0  thin  films  in  the  range  3  to  300  cm'l. 

1.  VARIABLE  RANGE  HOPPING  IN  SEMICONDUCTING  Bi-Sr-Ca-Cu-0  THIN  FILM 


Measurements  were  made  on  thin  crystal  films  (code  numbers  1  and  2)  prepared  by 
cleaving  crystals.  They  were  about  S^m  thick  and  about  2x2  mm^  in  size.  These 
films  used  for  FIR  transmission  measurements  are  semiconducting  materials.  However, 
DC  measurement  of  slabs  of  1x2x10  mm^  prepared  from  the  same  crystals  always  shows 
superconductivity . 

We  measured  the  far  infrared  transmission  spectra  with  the  incident  electric 
field  in  a-b  plane  of  our  crystal  film,  using  a  lamellar  grating  Fourier  spectrometer 
in  the  range  3  to  40  cm'^  and  a  Michelson  Fourier  spectrometer  in  the  range  15  to  500 
cm'^.  There  was  no  need  to  compensate  for  interference  in  the  specimen  films  because 
the  thickness  of  5  is  smaller  than  wavelengths  in  the  range  30  to  3000um.  We  find 
that  a  characteristic  property  in  the  far  infrared  transmission  spectra  of  these 
crystals  is  quite  different  of  the  free  carrier  behavior  of  the  Crude  model. 

Figure  1  shows  the  transmittance  spectra  for  the  code  number  1  crystal  film. 
In  the  range  from  30  to  150  cra"^  transmittance  decreases  with  temperature.  We  also 
observed  transmission  spectra  in  the  range  3  to  100  cm“^  at  8K  using  the  code  number  2 


crystal  film  (  Fig.  1  insert). 

To  interpret  several  features  of  the  transmission  spectra  shown  in  Fig.  1,  we 
considered  the  variation  of  transmittance  with  w  in  the  range  5  to  300cm  ^  at  8K 
(Fig.  1  insert).  In  this  region,  it  is  noted  that  transmittance  varies  approximately 
as  l/<j®(s=l/3) . 

Next,  let  us  discuss  the  conduction  mechanism.  For  simplicity,  we  neglected 
reflectance,  and  calculated  an  absorption  coefficient  of  -l/dln( I/Iq) .  where  Iq  is 
the  intensity  of  the  incident  radiation,  I  is  radiation  passing  through  the  crystal 
film  and  d  is  thickness.  This  absorption  coefficient  versus  w  is  shown  in  Fig.  2. 
From  the  absorption  spectra  in  the  range  below  100  cm'l  we  obtained  the  absorption 
coefficient 


a=650w®  (s=l/3).  (1-1) 

Figure  3  shows  loga  versus  logo).  Based  on  this  relationship,  we  can  relate  this 
spectrum  to  variable  range  hopping  from  a  localized  state  to  other  states.  Moreover, 
because  this  absorption  has  temperature  dependence  and  is  enhanced  by  phonon  popula¬ 
tion  ,  this  hopping  is  considered  to  be  a  phonon  assisted  hopping. 

Subtracting  the  absorption  coefficient  which  just  above  mentioned  from  the  total 
absorption  coefficient,  we  obtained  several  absorption  peaks  with  absorption  coeffi¬ 
cients  as  large  as  500~1000  cm'^.  Their  frequencies  are  listed  in  Table  1;  they 

exhibit  fairly  close  correspondence  to  those  of  the  Raman  scattering  spectrum'*^. 

2.  TEMPERATURE  DEPENDENCE  OF  FAR-INFRARED  TRANSMISSION  SPECTRA  OF 
SUPERCONDUCTING  Bi-Sr-Ca-Cu-0  THIN  FILM 

The  BigSrgCaCugOg  superconducting  film  was  made  by  chemical  vapor  deposition 
(CVD)  method  on  MgO  substrate,  which  thickness  is  400wm.  The  film  thickness  is  about 
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0.1  urn  and  its  grain  size  was  lO-lOOam.  The  resistivity  measured  by  4-terminal  method 
gives  zero  at  81K  as  shown  in  Fig. 4. 

Far-infrared  transmission  measurements  were  performed  in  the  range  50  to  300cm“^ 
using  a  Michelson  Fourier  spectrometer.  We  obtained  transmittance  spectra  for  temper¬ 
atures.  5.  34,  43,  52.  70,  83,  93,  117  and  300K.  The  MgO  substrate  introduced  limita¬ 
tion  to  measuring  frequencies  below  300cm*^,  because  the  reststrahlen  band  is  at 
350cm"^.  The  properties  of  the  substrate  are  slightly  temperature,  magnetic  field  and 
frequency  dependent.  These  effects  were  eliminated  by  referencing  the  sample  spectrum 
to  an  identical  MgO  substrate. 

Figure  5  shows  the  transmittance  spectra  at  5,  52,  83,  117  and  300K.  After  Tink- 
ham,  it  is  known  that  the  transmittance  ratio  (Ts-Tj^)/Tj^  has  a  peak  at  energy  gap 
where  Tg  is  transmittance  of  superconducting  state  and  Tj^  is  of  normal  state.  In  this 
case,  we  chose  the  transmission  spectrum  at  83  K  for  the  normal  state  transmission 
one  .  This  temperature  is  just  above  the  transition  temperature.  Each  ratio.  (T- 
Tn)/Tn»  spectrum  has  a  broad  peak  for  temperatures  of  the  superconducting  state  of  5, 
52  and  70K,  and  no  peak  at  93K  of  the  normal  state.  Furthermore,  the  peak  shifts  to 
lower  frequency  with  increasing  temperature.  Then  we  considered  that  this  peak  is 
corresponding  to  the  superconducting  energy  gap.  We  determined  the  gap  about  200cm’ ^ 
at  OK. 

To  analyze  the  transmission  spectra,  we  put  a  dielectric  function  of  eqs.(2.1) 
and  (2.2),  and  can  calculate  a  transmission  spectra.  Comparing  experimental  spectra  to 
calculated  spectra,  we  can  determine  four  important  parameters  such  as  the  plasma 
frequency,  the  relaxation  times  of  free  carriers  and  quasi  particles,  the  supercon¬ 
ducting  energy  gap  and  the  friction  of  the  normal  conduction  carriers  in  superconduct¬ 
ing  materials. 


E- 1  *■  £«)  '*’^n.^dl^^^”^n^^sl  (2.1) 

62=  fn6d2*<*'fn) 6s2  <2.2) 

where,  e*  is  the  dielectric  constant  at  high  frequency,  fjj  is  friction  of  normal , 
and  real  and  imaginary  part  of  the  Drude  free  carrier  dielectric  function 

given  by  eqs.(2.3)  and  (2,4), 


(2.3) 


and 


where  Wp  is  the  plasma  frequency,  z  is  the  relaxation  time  and  cj  is  the  frequency 
and  cgi  and  e  g2  are  dielectric  functions  of  superconducting  state  which  is  corre¬ 
sponding  to  Mattis-Bardeen’ s  optical  conductivity  given  by  equations, 

^nl 


^sl”' 


and 


where 


^  s2“ 


CQU} 

I  °n  I 

60" 


(2.5) 


(2.6) 


On  I 


6  0"p  ^ 


is  the  dielectric  constant  of  vacuum,  and  S 


(2.7) 

and  S2  are  Mattis-Bardeen ’ s  normal- 
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ized  optical  conductivity. 

Figure. 7  shows’  i  calculated  transmittance  df  (b)  curve  for'  completely  Supercon¬ 
ductor  (f^=d)  with  a  energy  gap  at  200cm’"^ It  has  no  transmittance  below  the  energy 
gap.  It  is  due  to  ho  real  part  of  optical  conductivity  below  the  gap  and  ciihplete 
reflectivity.  But  measured  trahsmittartce  has  finite  one  below  the  energy  gap.’  then 
we  add  this  superconducting  dielectric  function ' with  Drude  free 'carrier  terrh  which  has 
finite  real  part  of  conductivity  below  the  gap.  Therefore,  we  use  dielectric  function 
in  superconducting  state  with  a  finite  friction  of  normal,  ffj. 

As  a  result,  we  got  those  fitting  parameters  listed  in  table  2.  'Here,  we  fixed 
high  frequency  dielectric  constant  as  5  and  a  energy  gap  2A  as  the  value  of  the 
peak  of  the  ratio  (Tg^Tjj)/Tjj  ior  each  temperature.'  It  is  noted  that  the  optical  con¬ 
ductivity  at  normal  state  is  comparable  with  the  DC  measured  one  i.e.  of)(2=273  1/Qcm 
and  Oop=480  1/Qcm; 

We  consider'  the  penet'ratibn  depth  X  ,  meah  free  length  1  and  coherent  length  J  , 
because  these  values  should  determine  the  optical  condition.  The  coherent  length  is 
about  30-40A  obtained  ' by  magnetoresistance  measurements^  )  ahd  f  0=°  •  * 

BCS  re la'tio'h  where  Vf  is  Fermi'  Velocity ,  Sg  is  Boltzmanh  constant  and  h  is  Plarik 
constant.  Then,  we  got  Vf=3 . 7xlo6cm/s .  Using  the  relaxation  time'  wh  aeter^ 
mined  the  mean  free  path,  ■i=Vf  X~90A.  The  penetration  depth  1 is  lagPr  than' 0 . 3  urn 
of  magnetization  experiments®).  By  using  our  results  Of  the  plasma  frequency  Wp,  the 
London  penetration  depth'- Vc  is  Velocity  of  light)  Was  determined  to  be  about 
1.4am.  Additionally,  the  skin  depth’at  normal' state,  ’'5  =c/?/wpy^  is  about  2Mm  at 
a)  =  200cm'i 

Using  these  value's,  1,  t  and  6,  it  is  clear  that  (a)  the  film  thickness  d  is 
smaller’than  A,  ‘and  5  .  It  is  consistent  with  the'fact  that  the  light  can  pass  through 
the  sample,  (b)  Since  1<'<  X  and  6  ,  we  neglect  the  anomalous  skin  effect  and  can  caldu^ 
late  the  transmission  by  using  ah  ordinary  equation'and  also  holds  following  argument, 
(c)  Mattis  'and  Bardeen  derlVed  art  equation  of  the  optical  conductivity  at  sUpercoh- 
ducting  state  assuming  anomalous  Skin  effect.'  BUt  in  this  case,  because  the  coherent 
length  is  smaller  than' the  penetrat'loh  depth,  LOndoh  local  limit  '  is  realized.  Then, 
the  optical  conductivity  'o  has  ho  k  dependence  in'  the  Pippard  integral.  As  a  result, 
we  use  the" MattisiBardeen's  equation  for  calculating  the  superconducting  optical 

Conductivity,  (d)  In  Mattis-Bardeert's  equation,  it  was  assumed  that  Qgi:<<l  where  dg 

is  energy  gap  in  frequency,  that  is,  the  normal  conductivity  an  is  independent  6f 
frequency.  In  this  case,  because  QgT;~l,  we  should  use  eq.(2.7). 

Pay  attention  to  the  friction' of  normal  metal.  For  our  sample,  it  is'  about 
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0.7^0. 8.  On  the  other  hand,  a  pure  superconductor  which  should  have  exhibits  a 

sharp  peak  in  the  ratio  (Tg“Tj^)/Tj^  spectrum.  However,  this  ratio  spectrum  is  very 
broad.  The  feature  of  the  spectrum  is  consistent  with  the  large  value  of  f^. 

The  temperature  dependence  of  the  plasma  frequency  cjp  is  explained  by  enhance¬ 
ment  of  an  effective  mass  of  carrier  in  the  equation  wp^*ne^/cQm*.  In  the  supercon¬ 
ducting  state  the  effective  mass  enhancement  factor  is  1.4  comparing  that  of  normal 
conduction  at  117K. 

3.  MAGNETIC  FIELD  DEPENDENCE  OF  OPTICAL  GAP,  Qg(H),  IN 

SUPERCONDUCTING  Bi-Sr-Ca-Cu-0  THIN  FILM 

Twenty  five  years  ago,  theoretical  physicists  predicted  that  an  applied  magnetic 
field,  H,  causes  a  large  decrease  in  the  optical  gap  and  in  T^,  7,8,9,10)  ^^gll  as 
paramagnetic  impurities  with  equivalent  inverse  collision  time,  r,  proportional  to 
H.  This  effect  was  studied  by  tunneling  effects  through  a  point  contact  or 

superconductor-lnsulator-metal  junction,  because  the  tunneling  effect  is  a  direct 
method  of  determining  the  density  of  states  at  the  gap  edge.^^*^^)  In  this  section  we 
report  a  new  method  for  determining  optical  gap  in  a  magnetic  field  and  magnetic  field 
dependence  of  the  optical  gap,  Qg(H). 

We  employed  thin  films  of  Bi-Sr-Ca-Cu-0  crystal  deposited  on  MgO  substrate  and 
oriented  with  their  c-axis  perpendicular  to  the  substrate.  Crystal  preparation  is 
reported  elsewhere^^^ .  Measurements  of  far  infrared  transmission  spectra  were  carried 
out  in  the  range  110  to  230  cm~^  in  magnetic  field,  using  a  Michelson  Fourier  spec¬ 
trometer  and  a  Ge-Ga  photoconductor. 

We  measured  transmission  Spectra,  T(H),  in  the  range  110  to  230  cm~^  at  magnetic 
field  of  0,  0.5,  2.5  and  3.7  T,  as  shown  in  Fig. 8.  The  magnetic  field  was  applied  in 
the  Faraday  configuration  and  parallel  to  c-axis  of  the  crystal. 

As  the  applied  magnetic  field  was  increased  from  0  to  3.7  T,  the  transmittance 
spectrum  deviated  from  the  spectrum  at  H^o  T.  The  deviation  point:  decreased  with 
magnetic  field.  To  determine  the  decrease  of  the  gap,  Qg(H),  it  is  convehient  to  take 
the  ratio  of  spectra,  T(H)/T(0),  at  0.5,  2.5  and  3.7  T,  as  shown  in  Figi.  9.  In  this 
ratio,  we  can  see  thresholds  at  208,  180,  and  172pra“^,  corresponding  to  magnetic 
fields,  0.5,  2.5,  and  3.7  T,  respectively.  Provided  that  the  frequency  of  the 
threshold  is  equal  to  the  gap  in  magnetic  field,  the  ratio  of  Qg(H)/Qg(0),  is  given 
as  a  function  of  magnetic  field. 

For  a  thin  film  in  a  magnetic  field  which  is  perpendicular  to  the  film,  inverse 
collision  time^^)  for  exchange  scattering  is  obtained  by 
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r=nDeH. 


(3.1) 


where  D  is  the  diffusion  constant. 

S.Skalski,  0.  Betbeder-Matibet  and  P.  R.  Weiss®^  derived  the  ratio  of  inverse 

collision  time,  F.  to  the  order  parameter  at  T=0  and  H=0,  a’®(0),  which  is  given  by 

r  4  ,A(0.  D  .  ,  A(0.  D  ,, 

aP(0)  u  aP(0)  aP(0). 


In  addition,  Skalski  et  al  gives  a  condition  that,  when  2r/AP(0)  =  l,  A ( 0 , r  )  /  aP( 0 ) =0 , 
where  the  magnetic  field  is  equal  to  the  upper  critical  magnetic  field,  H=Hc2-  From 
eq(3.1),  2r/AP(0)=H/(  A(0)/2hDe) ,  where  (  AP(0)/2tlDe)  is  constant.  Considering  the 

special  case  mentioned  above,  we  can  have 

2r/AP(0)=H/Hc2-  (3.3) 

since,  ( AP(0)/2hDe) =  H^2-  Therefore,  we  can  express  the  order  parameter  ratio, 
A(0,r)/AP(0)  as  a  function  of  H/Hj,2-  Moreover  they  also  derived  the  ratio  of  the 
optical  gap  at  T  and  H  to  that  at  T=0  K  and  H=0  T,  which  is  given  by 


Qg(T. r)  A(T,r)  r  j2/3]3/2 

Qg(0,0)"  aP(0)  A(T,r) 


(3.4) 


Assuming  A(T=4 .2K,  r  )~(0,  r  )  and  Qg(4 . 2K,  f  )~Qg(  0 ,  T  ) ,  and  using  eqs.(3.2)  and  (3.4). 


we  can  obtain 


A(T.  r  )  .  ’  F)  ^2/3} 3/2  (3.5) 

Qg(O.O)  aP(0)  Tt  aP(0) 


Equation(3.5)  shows  the  relation  between  Qg(0, r  )/Qg(0,0)  and  A ( 0 , r  ) /  aP( 0 ) .  There¬ 
fore,  using  eq(3.3),  we  can  express  Qg(0,  r  )/Qg(0,0)  as  a  function  of  From 
our  experiment,  we  determined  three  Qg(H)  corresponding  to  each  magnetic  field,  H, 
which  should  be  able  to  be  shown  by  the  rhombic  symbols  in  Fig.  10.  Using  the  least 
square  method,  we  fitted  the  curve  of  Qg(H)/Qg(0)  versus  H/Hc2  to  three  rhombic 
points  of  our  experiments.  Through  this  procedure  we  obtained  aP(0)~220  cm“^  and 
the  critical  magnetic  field,  Hc2~38  T.  Then,  in  Fig. 10,  the  rhombic  symbols  indicate 
our  experimental  points.  Q  (threshold  at  H)/Qg(0),  and  the  solid  line  indicates  the 
theoretical  curve  of  a  decrease  in  the  optical  gap  ratio  corresponding  to  this  exper¬ 
iment.  In  addition,  the  dashed  line  Indicates  a  decrease  in  the  order  parameter, 
2A(H),  in  this  system. 


CONCLUSION 

We  observed  transmission  spectrum  in  the  range  from  3  to  300  cm  ^  in  semiconduct¬ 
ing  Bi-Sr-Ca-Cu-0  films.  The  qualitative  features  of  absorption  spectra  exhibit  the 
variable  range  hopping  conduction  in  the  semiconducting  films  which  should  have  small 


280 


number  of  carriers.  This  is  quite  different  from  the  free  carrier  conduction  of  Dude 
model.  On  the  other  hand,  we  carried  out  the  transmission  measurements  in  the  super¬ 
conducting  thin  films,  too.  Moreover,  the  transmission  spectra  were  fitted  by  using 
the  Drude  free  carrier  term  and  the  Mattis-Bardeen ’ s  optical  conductivity.  Even  in 
the  superconducting  state,  we  observed  the  finite  optical  conductivity  below  the 
energy  gap.  From  this  experiment,  we  obtained  a  clear  evidence  that  there  is  no 
hopping  conduction  carrier  but  free  carriers  in  the  midgap  even  in  the  superconducting 
material  below  In  addition,  the  optical  gap  was  determined  to  be  about  220  cm"^ 

and  the  upper  critical  magnetic  field  about  38  T.  Therefore,  this  material  exhibits 
the  relation  , 

2AP(0)~3.9kBTc. 
where  Tj,=82  K. 
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Table  2.  Fitting  parame^^ers 


Tr'itipf* rnl  tire 

T(K) 

5 

^4 

^3 

02 

70 

83 

U3 

117 

30C 

j>lasina  frequency 

(cm"*) 

6U00 

7200 

7400 

7300 

7400 

7800 

8500 

9000 

11000 

rc  1  axn t i on  time 

T (xlO’^^s) 

3.0 

2.0 

l.fl 

3.5 

2.5 

3.R 

l.G 

1.7 

0.5 

v  n  c*  r  g  y  g  u  p 

2  A  (  cm"  ^ ) 

200 

ItlO 

180 

If.O 

150 

friction  of  ttoriaal 

0.8 

0.7 

0.7 

0.8 

o 
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The  fine  structures  of  oxygen  K-edge  in  the  Ti-Ba-Ca-Cu-0  superconductors 
were  investigated  by  electron  energy  loss  spectroscopy  (EELS).  The  peak 
corresponding  to  the  hole  state  near  the  Fermi  energy  was  sensitive  to 
the  number  of  Cu-0  iayors  and  the  direction  of  momentum  excitation.  It 
was  shown  that  the  hole  content  in  T1 2Ba2Can_ iCUn02n+4 ( n= 1-3 )  and 
TliBa2Can-iCUn02n+3(n=2-4)  decreases  with  the  increase  of  n  and  that  most 
holes  exist  in  the  0  2px,y  orbitals  of  2-dimensionai  Cu-0  planes.  Holes 
in  T I  Ba2CaiCu207  are  overdoped. 

Since  the  discovery  of  new  high-Tc  superconductors  [)-4J,  much  effort  has  been 
devoted  to  understand  the  mechanism  of  superconductivity.  As  the  carrier  of 
superconductivity  in  these  supe rconduc tors ■ was  considered  to  be  holes,  the 
determination  of  the  position  of  the  hole  and  its  symmetry  was  one  of  the  most 
important  clues  to  understand  the  mechanism  of  superconductivity.  Recently, 
absorption  spectroscopy  techniques  such  as  X-ray  absorption  spectroscopy  [5-6 J  and 
EELS  [7-9]  were  employed  to  examine  the  unoccupied  density  of  state  near  the  Fermi 
energy  in  these  superconductors.  By  investigating  samples  with  different  oxygen 
content,  it  was  reported  that  the  hole  was  located  mainly  at  oxygen  sites  in  La2- 
xSrxCu04  [7]  and  YBa2Cu307_y.  [8,9]  Some  of  the  present  authors  also  confirmed  a 
direct  correlation  between  the  height  of  the  peak  at  the  oxygen  K-edge  at  around  528 
eV  and  oxygen  content  of  YBa2Cu307.y  by  in-situ  observation  [10].  Furthermore  by 
changing  the  direction  of  momentum  transfer  of  the  incident  electrons  in  EELS,  it  was 
also  pointed  out  that  near-edge  fine  structure  at  the  oxygen  K-edge  in  the  Y-Ba-Cu-0 
system  was  different  between  on  the  c-plane  and  along  the  c-axis.  [8,9]  Very 
recently  orientation  dependency  of  momentum  transfer  of  Bi2Sr2CaiCu208  was  reported 
tor  single  crystals  by  X-ray  absorption  spectroscopy  [11]  and  EELS  [12]. 

In  this  study.  We  concentrated  our  attention  on  the  hole  state  of  a  Tl-Ba-Ca-Cu- 
0  system.  Among  the  superconductors  discovered  so  far,  the  Tl-Ba-Ca-Cu-0  system  has 
attracted  much  attention  on  both  its  structure  and  superconducting  transition 
temperature  (Tc).  The  system  may  be  divided  into  two  systems,  T1  iBa2Can.iCun02n+3 
with  single  Tl-0  layers  [4,13-15]  and  Tl2Ba2Can.iCUn02n+4  with  double  Tl-0  layers 
[16-19].  In  both  systems,  Tc  changes  with  n.  There  is  a  definite  difference  as  to 
the  origin  of  the  supply  of  holes  in  the  two  systems.  In  T1  j  Ba2Can_  iCUn02n+3 .  the 
hole  content  is  given  as  1/n  by  assuming  the  formal  valencies  (Tl,  Ba,  Ca,  Cu  and  0 
have  valencies  of  +3,  +2,  +2,  +2  and  -2,  respectively),  whereas  in  Tl2Ba2Can-i 
CUn02n+4.  the  hole  content  is  0  regardless  of  the  value  of  n.  Recently  the  mechanism 
of  the  supply  of  holes  by  the  decrease  of  valency  of  Tl  atoms  in  Tl2Ba2Can. iCun02n+4 
was  proposed  based  on  the  XPS  experiments  [20]. 
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A  large  single  crystal  of  T  l-Ba-Ca-Cu-O  is  difficult  to  obtain. at  this  time  and 
we  therefore  utilized  a  highly  (?fficLent  parallel  detec  t:or  ,  i  nsta  I  I  ed -,0,0  .a 
conventional  electron  microscope  to  investigate  the  oxygen  K-odge  fine  sir u(:t,ur;e. 
In  contrast  with  other  superconductors  such  as  the  Y-Ba-Cu-’O  system,  the  T1 -Ba-Ca-t  u- 
0  system  is  rather  simple  and  may  be  well  characterized,  since;  the  number,  of  f  u-O 
layers  in  the  unit  cell  can  be  controlled  and  there  are  no  Cu-0  chains  but.  only  (.u^O 
planes.  Therefore,  the  fine  structure  of  the  oxygc'n  K-.odge  cou  1  d  be .  invest  igated  by 
changing  the  number  of  Cu-0  layers  and  the  direction  of  momentum  transfe r. . 

Samples  were  prepared  from  TI2O3,  BaCu02  .  CaO  and  CuO  by  convent  i  ona  1  cerami^: 
procedures.  The  preparation  was  carried  out  in  a  closed  glove  box  because  -of  the 
toxicity  of  thallium  compounds..  Structure  wore  synthesized  from.  X-ray  powder 
diffraction  analysis  and  Tc  obtained  from  dc  susceptibility  measurements  Is  listed  in 
Table  I . 

The  EELS  and  EDX  studies  were  performed  with  a  JEM-2000FX  electron  microscopo  at 
Purdue  University  and  a  JEM-IOOC  electron  microscope  at  Japan  Atomic  Eneigy  Research 
Institute.  The  half  width  of  the  main  peak  (0  eV  energy  loss)  in  the  EELS  .spectra 
was  1  eV .  The  beam  diameter  for  the  E.ELS  study  was  about  Q»2fi  m.  The  thickness  of 
the  grains  for  observation  was  estimated  to  be  a  few  ton  nm .  We  investigated  the 
chemical  composition  of  constituent  metal  atoms  in  each  grain  by  an  energy  dispersive 
X-ray  spectroscopy  (EDX)  prior  to  EELS-study.  In  order  to  avoid  the  background  of 
X-rays  from  the  Cu  grids  commonly  used,  we  used  Mo  grids  instead.  In  addition  to  the 
EDX  analysis,  we  observed  an  electron  diffraction  pattern  in  each  grain  to  confirm 
the  structure.  Although  the  oxygen  content  was  not  analyzed  accurately,  we  assumed 
that  the  oxygen  content  follows  the  formula  T1 2  Ba2Can~  iCUn02  n  +  4  and  T1  1  B£^2^'an- 1 

Cun02n+3*  ' 

Figures  1(a),  1(b)  and  1(c)  indicate  the  EELS  spectra  of  Tl2Ba2Can.iCun02n+4 

with  n^l-3,  respectively,  and  Fig.-^Kd)  indicates  that  of  CaQ .  9  iSro  .  which  is 

isomorphic  to  the  component  structure  (GaCu02)  of  Tl- Ba-Ca-Cu-0 .  There  is  a  peak  , at 
528  eV  in  the  spectra  of  Ti2Ba2Can-iCun02n+4  large  main  peak  which  is 

shifted  by  several  eV  higher  energy  in  each  spectrum.  It  is  noted  that  the  relatlye 
height  of  this  peak  to  the  main  peak  decreases  with  the  increase  otn(n=l-3)  and  the 
position  of  the  main  peak  indicated  by  a,  broken  line  shifts  towards  higher  energy 
with  the  increase  of  n.  It  is  interesting  to  compare  the  spectra  of  ,,T  L  2Ba2Can- 1 
Curi02n  +  4  with. a  spectrum  obtained  from  Csq  .  9  1  ^  1*0 . 09GUO2  .  In  the  spec  t  rum  p  f  t^e 
latter  sample,  there  are  two  small  peaks  above  529  eV ,  which  pnobably  do  not 
correspond  to  the  hole  state  of  the  Cu-0  bonding,  and  a  large  main, peak  is  situated 
at  around  540  eV.  The  main  peak  of  CaQ , 9 iSrQ . 09CUO2  is  situated  at  several  eV  higher 
than  those  of  Tl2Ba2Can- iCUn02n+4  •  and  so  the  shift  of  the  main  peak  of 
Cun02n  +  4  with  the  increase  of  n  is  reasonably  interpreted  from  the  increase  of  the 
component  CaCu02  in  the  structure.  If  the  hole  contents  are  the  same  in  the  gu-0 
bonding  in  the  three  compounds  or  the  hole  contents  in  the  bonding  increase  with  n, 
the  peak  at  528  eV  may  increase  with  n  since  the  relative  number  of  the  Cu-0  bonding 
in  the  structure  increases  with  n.  This  behavior  of  the  peak  with  the  increase  of  n. 
is  clearly  contradictory  to  the  observation.  So  we  conclude  that  the  average  hole 
content  in  Tl2Ba2Can~ iCUn02n+4  decreases  with  the  increase  of  n. 

Figures  2(a)  and  2(b)  are  the  EELS  spectra  of  Tl2Bai , gsLao . 1 s^uiOe .  Although 
the  single  phase  at  this  composition  has  not  been  obtained  yet,  the  most  of  the 
grains  contain  La  as  seen  in  the  EELS  spectrum  of  Fig.  2(a)  where  small  peaks 
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corresponding  to  La  M4^5  on  the  large  background  of  Ba  M4^5  are  indicated  by  arrows. 
In  the  oxygen  K-edge  of  Fig.  2(b),  the  peak  at  528  eV  is  smaller  than  that  of 
Ti2Ba2^'^1^6  shown  in  Fig.  1(a),  indicating  that  the  hole  content  decreases.  We  also 
observed  slinilar  behavior  of  the  peak  in  the  EELS  spectra  of  quenched  samples  too. 
By  replacing  a  part  of  Ba  with  La,  the  hole  content  decreases  as  observed  in  EELS  and 
Tc  increases  as  shown  in  Table  I,  so  we  may  conclude  that  the  holes  in  Tl2Ba2Cui06 
are  overdoped. 

Figures  3(a),  3(b)  and  3(c)  indicate  the  EELS  spectra  of  TliBa2Can-i 
CUn02n+3( ^=2-4 )  respectively.  A  peak  at  528  eV  was  considered  to  correspond  to  the 
hole  state  and  the  position  of  the  main  peak  indicated  by  a  broken  line  shifts  at 
higher  energy  with  the  increase  of  n  as  in  the  case  of  Tl2Ba2Can- iCun02n+4 •  it 
should  be  noted  that  the  relative  height  of  this  peak  to  the  main  peak  decreases  with 
the  increase  of  n(n=2-4)  in  Tl|Ba2Carj-iCUn02n+3 *  This  result  indicates  that  the  hole 
content  in  TliBa2Can-iCun02n  +  3  decreases  with  the  increase  of  n  and  well 
corresponds  to  values  of  the  average  hole  content,  1/n,  estimated  by  assuming  the 
ideal  composition  and  formal  valence  state.  it  was  recently  shown  that  decreasing 
the  hole  content  by  replacing  a  small  amount  of  Ca(+2)  with  y(+3)  in  T1 1  Ba2Cai^Cu207 . 
results  in  the  increase  of  Tc,  indicating  the  overdoping  state  of  T1 iBa2CaiCu207 
1211. 

Figures  4(a)  and  4(b)  are  schematic  illustrations  of  the  experimental  conditions 
for  the  orientation  dependency  of  momentum  excitation  in  momentum  space.  By 
selecting  the  scattering  vector  k  parallel  to  -a*  with  an  objective  apoi*ture,  the 
momentum  transfer  q  is  set  to  be  nearly  parallel  to  a*  under  the  condition  of  Fig. 
4(a),  whereas  it  is  nearly  parallel  to  c*  under  that  of  Fig.  4(b).  Figures  5(a)  and 
5(b)  show  the  oxygen  K-edge  fine  structures  of  T 1 i Ba2Ca2Cu309  under  the  two 
conditions  corresponding  to  Figs.  4(a)  and  4(b),  respectively.  The  peak  of  the  hole 
state  disappears  and  only  a  small  shoulder  is  observable  under  the  condition  where 
the  direction  of  inner  electron  excitation  is  nearly  parallel  to  the  c~axis  as  shown 
in  Fig.  4(b).  The  decrease  of  the  peak  directly  indicates  that  the  transition  of  the 
K-shell  electron  into  the  hole  state  near  the  Fermi  energy  is  excited  strongly  in  the 
a  or  b  direction  of  Cu-0  planes,  but  not  in  the  c  direction  indicating  the  hole 
exists  in  the  0  2px,y  orbitals  in  the  Cu-0  planes.  This  conclusion  shows  clost» 
resemblance  to  the  results  recently  obtained  for  Bi 2i>r2Ca|Cu208  |11»12). 

In  conclusion,  the  hole  state  in  Tl-Da-Ca-Cu-0  was  investigated  by  EELS.  The 
average  hole  contents  in  both  Tl2Ba2Can-iCun02n+4^^“l*’2)  ^ind  T1  i  Ba2Can- iCuj^02n+3  ( ^^  =  2- 
4)  decrease  with  the  increase  of  n,  although  the  origin  of  the  supply  of  holes  is 
different  for  each  other.  Holes  in  Tl2Ba2Cu|06  and  T I  i Ba2C;a| (:u207  are  overdoped. 
Most  holes  in  Tl-Ba-Ca-Cu-0  exist  in  the  0  2px,y  orbitals  of  2 -d imens i ona L  Cu-0 
planes. 
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Table  I  Tc  of  Ti2ba2Ca„.  iCu„02ii+4  .  'l’A2Ua  1 . 85^“0 . 1 1^6 
and  TilUa2Ca,i.iCu„02n  +  3 


Sample 

Tc(K) 

11=  1 

0 

Tl2Ba2Can_iCUn02n  +  /|  n  =  2 

98 

n  =  3 

114 

Tl2Bai^  isCuiOg 

55 

n=2 

78 

TliBa2Ca„-lCu,|02n+3  ^  =  3 

120 

n  =  4 

121 

3 


Uncrey  ( cV )  Energy  ( eV ) 

Fig.2.  EELS  spectra  of  TIjBai  gjLao.ijCuiOgat 
energy  ranges  of  750-900  eV  (a)  and  520-555 
eV(b).  Small  peaks  of  La  M4,5  are  indicated  by 
arrows  in  (a). 


Energy  ( cV ) 

Fig.  1.  Fine  structures  of  oxygen  K-edge  spectra 
of  Tl2BajCa„.iCun02nM  with  n-l  (a) ,  2  (b) 
and  3  (c),  and  that  of  C^o.9|Sro.09Cu0^d). 
The  positions  of  the  main  peaks  in  the  spectra 
of  Tl2Ba2Can.iCun02nH  are  indicated  by 
broken  lines. 


330  540  330 

Energy  (eV) 


Fig.  3.  Fine  structures  of  oxygen  K-edge  spectra 
of  Tl|Ba2Can.jCUn02n*3  with  n-2  (a) ,  3  (b) 
and  4  (c).  The  position  of  the  main  peak  was 
indicated  by  a  broken  line. 


Fig.4.  Schematic  iliustiation  of  the  experimental 
conditions  of  the  orientation  dependency  of  the 
momentum  transfer,  kq  and  k  correspond  to 
the  wave  vectors  of  incident  electron  and 
scattered  electron,  respectively,  and  q  is  the 
momentum  transfer.  The  parallel  and 
transverse  components  of  q  are  indicated  by  q^ 
and  q  ,  respectively. 


oxygen  K-edge  spectra  of 
TI|Ba2Ca2Cuj09  under  two  conditions 
corresponding  to  Flgs.4  (a)  and  4(b), 
respectively. 
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Low-energy  Electron  Energy  Loss  Spectroscopy  on  (n«1f2) 

and  Preparation  of  Thin  Film  Specimens  by  Molecular  Beam  Epitaxy 

Atsushi  ANDO,  LIU  Kuang-Yu  and  Atsushi  KOMA 

Department  of  Chemistry,  The  University  of  Tokyo 
Bunkyo-ku,  Tokyo  113#  Japan 

In-depth  profiling  of  electronic  structures  of  Bi2^^2^®n-1^^n^2n+4+x  <n=1,2) 
have  been  done  with  low-energy  electron  energy  loss  spectroscopy.  The 
spectra  are  almost  independent  of  probing  depth,  indicating  rather  extended 
electronic  states  of  those  materials.  It  has  been  also  found  out  that  the 
existence  of  Ca  layer  does  not  affect  the  spectra  so  much.  A  thin  film  , 
specimen  of  Bi2Sr2CaCu2O0^j^  has  been  grown  on  a  MgO  (100)  substrate  by  mole¬ 
cular  beam  epitaxy,  which  has  become  superconducting  after  annealing  in  air. 


Low-energy  electron  energy  loss  spectroscopy  (LEELS)  is  a  powerful  method  to  in¬ 
vestigate  electronic  structures  in  the  wide  energy  range.  It  also  gives  informa¬ 
tions  on  in-depth  change  of  electronic  structures,  when  the  probing  depth  is  changed 
by  changing  the  incident  electron  energies  [1].  In  the  present  paper  we  will  report 
its  application  to  Bi2Sr2CaCu20Q^3j  (abbreviated  as  BSCCO  hereafter)  and  Bi2Sr2CuOg^x 


BisSriCaCuaOy 


EpaWOOtV 

E^«iooo«v 

Ep«aootv 

Ep>600e¥ 

Ep«300t¥ 

Ep«200«V 

Ep.100«V 


Fig.  1  LEELS  spectra  of  Bi2Sr2CaCu20Q^j^ 


BhSraCuOy 


Epti1600»V 


EpatOOOpy 


Ep.eoopy 


EpaAOOpy 


Ep.ioopy 


Fig.  2  LEELS  spectra  of  Bi2®^2^'^^6+x 
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(abbreviated  as  BSCO  hereafter)  to  reveal  their  electronic  structures.  Clean  surfaces 
were  prepared  by  cleaving  single-crystalline  samples  under  the  vacuum  of  1  x  10”®  Pa. 
Cleanliness  was  checked  by  Auger  electron  spectroscopy  just  before  LEELS  measurements. 
Previously  we  have  reported  that  the  LEELS  spectrum  of  YBa2Cu30y_y  is  easily  changed 
by  the  oxygen  desorption  from  its  surface  at  room  temperature  [2],  The  LEELS  spectra 
of  BSCCO  and  BSCO,  however,  has  not  changed  so  much  by  the  electron  irradiation  at 
room  temperature.  This  indicates  that  the  surface  oxygen  is  much  more  stable  in 
BSCCO  and  BSCO  than  in  YBCO,  Thus  all  the  LEELS  spectra  shown  below  have  been  taken 
at  room  temperature.  Figs.  1  and  2  show  the  LEELS  spectra  of  BSCCO  and  BSCO,  respec¬ 
tively.  The  incident  electron  energy  was  changed  between  100  eV  and  1  600  eV  to 
change  the  probing  depth  between  0.2  and  1.2  nm  [1].  Since  the  BSCCO  and  the  BSCO 
are  cleaved  between  two  Bi-O  planes,  the  probing  regions  of  LEELS  for  various  incident 
electron  energies  will'  be  the  ones  shown  in  Fig,  3  in  the  case  of  BSCCO,  Neverthe¬ 
less  the  observed  spectra  do  not  change  so  much  when  the  incident  electron  energies 
are  changed!'  This  is  much  different  from  the  case  of  mica,  which  has  a  layered  crys¬ 
tal  structure  similar  to  BSCCO  or  BSCO  and  shows  a  distinct  change  in  spectra  for 
various  Incident  energies  [3]'.  Small  dependence  of  LEELS  spectra  on  incident 
electron  energies  indicates  that  the  electronic  structures  of  BSCCO  and  BSCO  are 
rather  extended  and  not  so  much  localized  as  in  the  case  of  mica.  The  peaks  observed 
in  those  spectra  have  been  assigned  as  in  the  followings  by  taking  into  account  of  the 
results  of  XPS  on  BSCCO  by  Meyer  et  al.  [4]  and  Zanoni  et  al.  [5],  The  prominent 
twin  peaks  H  and  I  come  from  the  excitations  of  Bi  5d^/2  ®^3/2  core  electrons, 
respectively.  Peak  E  comes  from  Bi  6s  core  electron  excitation,  whereas  peak  G 
arises  from  the  Sr  4p  core  electron  excitation.  Peaks  A  to  D  seem'  to  come  from 
oxygen-derived  shallow  valence  band  electrons.  The  origin  of  the  peak  F  is  not  clear 
at  the  present  stage.  The  final  states  of  those  excitations  are  considered  to  be  the 
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Fig,  3.  Probing  depth  of  LEELS  Fig.  4.  Comparison  of  LEELS  spectra  of 

BSCCO(a)  and  BSCO(b), 
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first  conduction  band,  of  which  maximum  density  of  states  is  found  to  be  located  at 
round  3  eV  above  Fermi  level  by  inverse  photoemission  [6).  Nearly  the  same  peak  as¬ 
signment  is  possible  for  BSCO.  The  comparison  of  spectra  of  BSCCO  and  BSCO  is  made 
in  Fig.  4.  As  is  seen  in  the  figure,  their  spectra  are  almost  the  same  except  the 
peak  J.'  This  shows  that  the  electronic  structures  of  BSCCO  and  BSCO  are  very  similar 
to  each  other,  which  means  that  the  Ca  layer,  which  exists  only  in  BSCCO,  do  not  af¬ 
fect  the  overall  electronic  structure  of  BSCCO.  The  only  distinct  effect  of  the  Ca 
layer  in  BSCCO  are  seen  in  peak  J.  It  seems  to  be  related  with  Ca-derived  electronic 
states.  It  is  very  interesting  to  see  the  peak  J  can  be  seen  in  Fig.  1  only  for  in¬ 
cident  electron  energies  larger  than  300  eV,  where  probing  depth  exceeds  the  depth  of 

Ca  layer,  as  is  seen  in  Fig.  3. 

Recently  various  efforts  have  been  devoted  to , prepare  of  thin  film  specimens  of 
high-T  superconductors  both  for  the  purpose  of  fundamental  research  and  for  the  ap¬ 
plication  purpose.  so  far  several  growth  methods  have  been  tried  to  get  thin  film 
specimens  of  good  quality.  Among  them  molecular  beam  epitaxy  (MBE)  seems  to  be  use¬ 
ful  to  prepare  thin  film  specimens  of  such  high-T^  superconductor  with  a  layered  crys¬ 
tal  structure  as  BSCCO,  since  one  can  control  each  layer  with  atomic-order  precision 
and  characterize  the  growing  interface  in  situ  by  means  of , various  electron  spectro¬ 
scopic  methods.  MBE,  however,  has  a  disadvantage  for  the  growth  of  high-T,,, supercon¬ 
ductor  films,  because  it  is  usually  used  under  .high  vacuum  atmosphere  resulting  in  the 
oxygen  deficiency  in  the  prepared  oxide  superconductor  films.  Thus  special  care 

should  be  taken  to  promote  oxygen  atom  inclusion  into  the  grown  film,  if  one  uses 
MBE.  we  have  made  a  few  efforts  for  that  purpose  as  is  shown  in  the  followings. 

Fig.  5  shows  a  MBE  system  ( Eiko  , EL-1 0 ),  which  was  specially  designed  for  the 
present  purpose.  The  growth  chamber  consists  of  two  differentially  pumped  rooms. 


Fig.  5.  MBE  apparatus  Fig.  6.  Superconducting  Characteristic 

of  MBE  grown  film  of  BSCCO. 
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The  oxygen  gas  is  introduced  through  small  holes  on  a  ring  located  just  below  the 
sample  holder.  Then  the  oxygen  pressure  at  the  sample  surface  can  be  maintained 
higher  than  that  in  the  source  chamber  by  about  two  orders  of  magnitude.  Knudsen 
cells  are  used  for  all  sources  of  Bi,  Sr,  Ca  and  Cu.  An  ozonizer  (Nihon  Ozone  OT- 
31RL-2)  is  placed  in  the  oxygen  supply  line  to  promote  the  oxygen  incorporation.  The 
ion  gun  is  also  equipped  to  supply  oxygen  as  active  ions,  but  it  was  not  used  in  the 
present  experiment.’  BSCCO  film  was  grown  on  a  MgO  (100)  substrate  at  650 ’"‘C  with  a 
growth  rate  of  0.05  nm/s.  The  as-grown  film  with  about  300  nm  thickness  was  not  su¬ 
perconducting,  and  it  was  annealed  at  880 ''C  for  5  h  in  air.  After  annealing  the 
sample  has  become  superconducting  as  is  seen  in  Fig.  6.  The  critical  temperature  at 
mid-point  is  about  82  K.  Now  the  growth  condition  is  being  adjusted  to  get  as-grown 
superconducting  film  specimens.  A  portable  vessel  is  being  prepared  to  transport  a 
grown  sample  into  the  other  chamber  equipped  with  AES-LEELS  and  XPS  without  exposing 
to  the  air  (7].  Then  in  situ  characterization  of  surface  and  interface  of  the  grown 
film  will  become  possible. 

In  conclusion,  we  have  succeeded  in  growing  thin  films  of  BSCCO  by  MBE.  In-depth 
profiling  of  electronic  structures  of  BSCCO  and  BSCO  have  also  been  made  successfully 
by  LEELS.  In  the  next  step  we  are  pursuing  to  connect  both  techniques.  A  specimen 
having  a  CUO2  top  layer,  which  seems  to  play  an  essential  role  in  high-Tc  superconduc¬ 
tivity  mechanism,  will  be  prepared  by  MBE  and  its  characteristic  electronic  structure 
will  be  made  clear  by  in-situ  LEELS  measurement,  which  has  a  capability  to  show  the 
electronic  structure  of  a  film  as  thin  as  a  few  tenths  nm. 

The  authors  thank  Prof.  S.  Uchida  for  giving  them  single-crystalline  samples  of 
BSCCO  and  fesCO. 
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Self-Interaction  Correction  to  Local  Spin  Density  Approximation  in  Solids,  , 


Y.  Ishii  and  K.  Terakura 


Instltu,te  for  Solid  State  Physics,  Uni  vers  ity  of,  Tokyo 
7-22-1,  Roppongi ,  Mi nato-ku,  .Tokyo  106;,  Japan  ,  , 


The  local-spin-density  approximation  in  the  iSpin-dehsity-*functional 
.formalism  has  a  serious  shor  tcomi  ng  that  the  sel  f- i  n  terac  t  ion  ,i,s,  not 
completely  canceled. out  between  the  Hartree  and  .the  exchange-correlation, 
terms.  Although  a  correction  for  the  self-interaction  improves  the 

results  of  the  1 ocal -spi n-dens i ty  approximation  for  atoms 

significantly,  such  a  prescription  is  not  available  for  solids.  Here 

the  work  by  Svane  and  Gunnarsson  for  the  Hubbard  model  is  restudied  with 
an  aim  of  applying  the  method  to  more  realistic  cases. 


The  local-spin-density  approximation  (LSDA)  has  made  a  remarkable 
contribution  in  the  elucidation  of  the  electronic  structures  of  .sol  ids, ,,.,.10 
particular,  the  cohesive  properties  of  metals,  semiconductors  and  insulators  are 
well  described  even  quantitatively  Cl,?].,  This  is,  ,  of  caurse,  due  to  the 
following  fortunate  facts:  The  cohesive  properties  are  determined  by  the 
energetics  of  .  the  ground  state;  The  density  functional  formalism  is  concern, |d. 
with  the  ground  state  properties;  The  total  energy  , is  a  yariational IX  guar,an|eed 
quanti  ty,.  ,  .Besides,  there  are  several  examples  ,  indiea,M"8  L^DA  can  descr  jlie  , 

the., single-particle  excitation  spectrum^reasonably  wel,  I  •  ,r  Therefore,,  the  bandT  ,, 
structure  calculations  based  on  LSDA  are  now  regarded , as  the.,fir.st  st,ep  tq  the^ 
understanding  of  the  new  materials. 

It  turned  out,  however,  that  the  appl  icabi  1  ity  of  LSDA  iS;  fairly  1  imi  ted^^^^^^ 
some  classes  of  materials,  where  the  electron  correlatibn  is  strong.  For 

example.  LSDA  cannot  reproduce  the  an  t  i  f erromagnet  isip,  of  l^iS  and,,  some  highTj^,, 
related  materials  likeLa2Cu04  C3.4].  LSDA  ipay  overestimate,  the  ,,hybrl.dizaf  l,on  , 
of  the  neighboring  orbitals  to  suppress  the  ant i ferromagnetism.  One  of^he 
origins  of  this  inconvenience  may  be  traced  back  to  tfie  pr.oblem  ,  of  ?elf- 
interaction.  As  is  well  known,  the  se 1 f- in terac t i on  is  absent  in  the  Hartree- 
Fock  (HF)  approximation  due  to  the  cancellation  between  the  Hartree  and  the 
exchange  terms.  However,  the  corresponding  cancellation  between  the  Hartree  and 
the  exchange-correlation  terms  in  LSDA  is  not  perfect.  Nevertheless,  the  seUr. 
interaction  does  not  produce  any  serious  problem  for  the  extended  state  because 
it  vanishes  as  the  system  size  goes  to  infinity.  This  is  one  of  the  reasons  of 
the  success  of  LSDA  in  the  weakly  correlated  systems.  On  the  other  hand,  the 
true  eigenstate  of  the  strongly  correlated  systems  may  have  some  localized, 
character,  for  which  the  non-vanishing  sel f- in terac t ion  in  LSDA  is  a  trouble. 
In  fact.  it  was  demonstrated  for  atoms  that  the  correction  for  the  self¬ 
interaction  improves  the  results  of  LSDA  significantly  [51.  For  solids.  a 


prescrlpllon  of  the  8elf**interaction  correction  (SIC)  has  not  been  established 
and  there  has  been  no  systenatlc  studies  on  it. 

Recently.  Svane  and  Gunnarsson  studied  the  one-dimensionai  Hubbard  model  in 
connection  with  LSDA  and  SIC^LSDA  C6].  We  are  interested  in  this  work,  because 
despite  the  simpl ici ty  of  the  model  itself  their  prescription  of  incorporating 
SIC  to  solids  may  be  generalized  to  more  realistic  cases.  As  the  details  were 
not  presented  in  their  paper,  we  first  tried  to  trace  their  calculations. 
Concerning  the  original  one-dimensional  Hubbard  Hamiltonian 

[  S  N  N 

+  *•«•)  (1) 

.  <=i  <=i  J 

with  the  periodic  boundary  condition  =  Cj^  .  they  assumed  a  local-spin- 

density  functional  for  the  exchange-correlation  energy  density  as 

With 


/(*)  =  (1  -  ^*«/8  +  (1  _  _  2-i/sJ 


The  total  exchange-correlation  energy  is  given  by 

=  (5) 

i 

n|0.  as  n^  (r)  in  the  ordinary  density  functional  theory  in  the 
continuous  space,  we  can  easily  see  the  similarity  in  the  functional  form  of 
eqo(2>  to  the  corresponding  one  given  by  Barth  and  Hedin  C7].  The  parameters  a 
and  b  in  eqo(2)  were  determined  by  using  LSDA  results  of  a  free  H  atom.  The 
total  energy  in  LSDA  is  given  by 

[w  jv 

«o£«,.+<g({«^+„C,>+e.c.)  (6) 

Where  <•— >  denotes  an  expectation  value  in  the  ground  state.  The  third  term  of 
eq* (6)  corresponds  to  the  Hart ree  energy.  Hereafter  we  consider  only  the  half- 
filled  case.. 

Now  we  introduce  a  unitary  transformation  such  that 


E(r.*c. 
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(10) 


a 

with  the  occupation  number  fa,  given  by 

fciv  ~ 


(11) 


We  would  like  to  point  out  the  analogy  of  eq.(9)  to  the  ordinary  continuous 
space  expression 


’*»•(’')  ~  /air|yair(r)|^i 


(12) 


where  v’<»»(’’)  eigenstate  wave  function. 

The  SIC  is  incorporated  by  subtracting  the  self-interaction  associated  with 
the  orbital  (a  <7  )  in  the  Hartree  and  the  exchange-correlation  terms  in  eq.(6). 
The  SIC  term  to  the  total  energy  is  given  by 


AE: 


-SIC 


=  -EE  I  ^f^E  [/-it^i’.o]  I . 

a  <T  K  i  ' 


and  the  total  energy  with  SIC  is 

£;SIC  ^  ^LSD  ^  ^£;SIC 


(13) 


(14) 


The  equation  to  determine  is  obtained  by  minimizing  with  a  constraint 

of  eq. (8) : 


d 


-  ]E  E  E 


a'  a"  ; 

Equation  (15)  can  be  expressed  as 


=  0. 


(15) 


(16) 


Not  only  the  diagonal  but  also  the  off-diagonal  Lagrange  multipliers  should  be 
included  in  eqs.ClS)  and  (16),  because  the  effective  one-electron  Hamiltonian 
is  orbital  dependent  so  that  the  orthogonality  between  eigenstates  are  not 
guaranteed.  It  is  not  easy  to  solve  eq.(16).  Some  details  of  the  technical 

aspect  may  be  described  in  our  later  publication. 

After  having  reproduced  most  of  the  results  in  ref. 6,  we  tried  to  understand 
the  physical  meaning  of  the  off-diagonal  Lagrange  multipliers  [81.  From  eq.(6). 
4^,  is  the  matrix  element  of  He.  between  (a  ff  )  and  (a  'a  ).  As  explained  in 
reT.6,  the  state  (a  a  )  becomes  localized  around  the  site  i  for  U  >>  t.  In  this 
sense,  may  be  regarded  as  a  hopping  integral  and  the  eigen  values  of  the 
matrix  c'  T^may  give  us  one-electron  orbital  energies.  In  Fig.l.  we  compare  the 
energy  dUpersion  curve  obtained  along  this  line  with  the  corresponding  ones  in 
LSDA  and  also  in  HF  approximation  to  the  original  Hamiltonian  eq.(l).  For  both 
of  U/t  =  4  and  8,  the  dispersion  curve  of  SIC-LSDA  coincides  with  that  of  HF, 
while  the  result  of  LSDA  deviates  from  both  results  significantly.  Therefore 
the  above  process  of  obtaining  the  one-electron  orbital  energy  seems  to  be 

meaningful.  We  take  this  an  encouraging  result  as  the  first  step  towards 


296 


"beyond  LSDA". 

We  are  now  studying  the  effect  of  hole  or  electron  doping  within  the  present 
model.  We  are  also  interested  in  applying  SIC-LSDA  to  some  realistic  cases. 


E(W/t  E(k)/t 


Fig. I  One-electron  energy  dispersion  curves  for  one-dimensional  Hubbard 
model.  (a)  for  U/ t  =  4  and  (b)  for  U/ t  =  8.  The  solid  lines  are 
for  SIC-LSDA,  chain  lines  for  HF  and  the  broken  lines  for  LSDA. 
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Nature  of  Doped  Electrons  in  Nd2-*CeiCu04:  Electronic  Band 
Structures  of  Nd2Cu04  Type  M2CUO4  (M=La,  Ce  and  Th) 
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One-electron  energy  band  structures  for  La^Cu04,  Ce2Cu04  and  Th3Cu04  with  the  Nd3Cu04  type  crystal 
structure  were  calculated  by  the  self-consistent  APW  method  with  the  local  density  approximation.  The 
bonding-antibonding  splitting  between  the  Cu  3d(x^-y^)  and  O  2p  states  on  the  CUO2  plane  makes  a 
pair  of  subbands.  In  La2Cu04,  the  Fermi  energy  cuts  the  middle  of  antibonding  band  resulting  m  the 
half-filled  band.  By  replacing  La  with  tetravalent  Th,  the  Cu  3d  states  raise  due  to  the  increase  in  the 
number  of  Cu  3d  electron  but  the  bonding  band  made  from  Th  6d(3z^-r^)  state  falls  down.  In  Ce2Cu04, 
the  Fermi  energy  cuts  the  bottom  of  4f  bands.  To  raise  the  4f  states,  a  correction  is  introduced  to  the  Ce 
potential  and  then  Ce  becomes  nearly  tetravalent  resulting  in  similar  band  structure  to  that  of  Th2Cu04. 
By  considering  the  strong  correlation  in  the  Cu  3d(x^-y^)  state,  the  doped  electrons  in  Nd2-iMiCu04  (.\1 
=  Ce,  Th)  are  thought  to  be  injected  into  the  M  d(3z^-r2)  bonding  band. 


1.  Introduction  ,  .  ,  i  . 

Recently,  the  electron-doped  systems  Nd2-.Ce.CuO4  and  Nd2-.Th.CuO4  were  found  to  be  a  high  Tc  superconductor 

[1,21.  This  finding  may  give  an  important  key  for  the  mechanism  of  high  Tc  superconductivity  because  all  of  the  high  Te 
cii  oxides  so  fat  discovered  were  the  hole-doped  system.  Various  spectroscopic  studies  have  been  performed  in  order  to 
clarify  the  nature  of  doped  electrons.  From  the  x-ray  absorption  studies,  it  was  shown  that  the  doped  electrons  are  injected 
into  the  Cu  3d  orbitals  [3]  or  a  band  [4].  On  the  contrary,  from  the  photoemission  spectroscopy,  it  was  suggested  that  the 
doped  electrons  go  into  the  Cu  4s  orbitals  [5].  In  this  context,  the  nature  of  doped  electrons  is  still  an  open  question. 

In  the  previous  paper  [6],  we  reported  the  result  of  the  self-consistent  APW  band  calculation  for  Nd2Cu04  type 
LaoCu04  instead  of  Nd2Cu04.  This  is  because,  for  the  stable  trivaleht  rare  earth  compounds,  the  electronic  band  structure 
of  corresponding  La  compound  is  the  same  as  that  of  these  compounds  except  for  the  4f  bands  position  and  is  better  to 
see  the  band  structure  near  the  Fermi  level.  Except  for  the  4f  band,  overall  feature  of  our  result  on  La2Cu04  is  the  same 
to  that  of  Massidda  et  al.  [7]  on  Nd2Cu04  in  which  the  4f  states  are  treated  as  the  core  state.  In  this  paper,  we  performet 
the  band  calculation  for  the  typical  tetravalent  Th  system,  Th2Cu04,  and  the  nearly  tetravalent  Ce  system,  Ce2Cu04.  m 
order  to  investigate  the  effect  of  the  partial  replacing  of  Th  or  Ce  for  Nd  on  the  band  structure  in  the  vicinity  ot  the  Fer.iu 
energy.  Furthermore,  to  compare  with  the  typical  trivalent  system,  we  performed  the  re-calculation  of  La3Cu04  with  the 
exactly  same  condition  of  numerical  computation  for  Ce  and  Th  systems. 


2.  Method  of  calculation  r  /  •  u  vt  i  i 

The  Nd,Cu04  type  crystal  structure  is  the  body  centered  tetragonal  [8].  The  space  group  is  I4/mmm  with  .Nd  in  -le: 

(0  0  ±0..3.513).  Cu  in  2a:  (0,0,0),  01  in  4c:  (l/2.0,0),  and  02  in  4d:  (l/2.0,l/4).  Note  that  in  the  K2N1F4 

02  is  in  4e:  (0,0,±0.182).  The  lattice  constants  used  in  the  calculations  are  those  observed  for  Nd2Cu04;  a  -  3.94.i  A  and 

^The^ptsent  band  calculation  is  based  on  the  APW  method  with  muffin-tin  approximation.  The  muffi.i-tin  sphere 
radius  of  both  01  and  02  is  chosen  to  be  0.8  A.  Then  the  muffin-tin  radu  of  Cu  and  M(=La,  Ce.  Th)  are  chosen  to  be  the 
maximum  possible  values  in  which  the  Cu  and  01  spheres  contact  each  other  and  the  M  and  02 

other  To  improve  the  muffin-tin  approximation,  we  introduce  appropriate  empty  spheres  (ES)  at  4e.  (0,0.±  .  ).  > 

position  and  the  muffin-tin  radius  of  ES  are  determined  in  such  a  way  that  the  empty  sphere  contacts  with  botfi  .VI  and 
Cu  spheres.  Then  we  obtain  the  following  values  for  muffin-tin  radii:  1.526  A(M),  1.173  .  (  u)  an  .(  ^ 

muffin-tin  spheres  occupy  52  %  of  the  unit  cell  volume.  Other  detailes  of  the  method  of  self-consistent  APW  calculation 

are  same  as  those  described  in  the  previous  paper  [6]. 
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3.  Energy  band  structure  for  La2Cu04  (LCO) 

Present  method  of  calculation  differs  from  that  of  the  previous  paper  [6]  in  the  following  points;  1)  in  this  paper 
we  use  the  empty  sphere  approximation  and  2)  the  mufhn-tin  sphere  radius  of  O  is  0.11  A  smaller  than  that  used  in  the 
previous  paper  and  thus  the  muffin- tin  radii  of  La  and  Cu  bacome  0.11  A  larger  so  that  to  get  better  information  for  the 
d  states  in  La  and  Cu.  However,  both  methods  of  calculation  give  the  very  similar  results  and  thus  the  above  differences 
in  method  do  not  introduce  the  large  discrepancy  in  the  band  structure. 

Figure  1  shows  the  result  of  present  calculation  for  the  energy  band  structure  along  the  principal  symmetry  axes  in 
the  BZ.  In  the  figure,  the  tightly  bound  La  5p  and  0  2s  bands  are  not  shown  but  the  average  energy  levels  are  follow ing.s, 
La  5p  at  -0.61  Ry,  01  2s  at  -0.85  Ry  and  02  2s  at  -0.84  Ry.  The  lower  17  bands  (from  the  Xi  state  at  -0.07  Ry  to  the  X4 
state  at  0.53  Ry)  consist  of  the  Cu  3d  and  O  2p  states.  The  narrow  bands  at  about  0.77  Ry  are  derived  primarily  from  La 
4f  states.  Between  the  17  band  complex  and  the  4f  bands,  there  are  two  bands.  In  the  previous  paper,  these  two  bands  are 
separated  from  the  4f  bands  causing  a  gap.  In  the  present  calculation,  these  two  bands  and  the  4f  bands  overlap  slightly. 

The  charge  distribution  of  the  lowest  Xj  state  is  as  follows;  La  d  2  %,  Cu  s  19  %,  Cu  d  7  %,  01  p  39  %  and  02  p  I 
%.  Thus  this  state  is  the  Cu  4s  and  01  2p  bonding  band  and  the  corresponding  antibonding  state  at  the  X  point  lies  at 
1.19  Ry.  At  the  T  point  the  Cu  4s  state  is  located  at  1.07  Ry.  The  third  band  (the  X4  state  at  0.04  Ry)  and  the  17th  l)an(i 
of  X4  state  are  the  pair  of  bonding- antibonding  bands  between  the  Cu  3d(x^-y^)  and  01  2p  states  on  the  CuOo  plane  with 
0.50  Ry  of  the  splitting  width.  The  charge  distribution  of  the  antibonding  X4  state  is  listed  in  Table  I.  The  antibonding 
band  is  half  filled  and  the  Fermi  energy  Ef  cuts  the  middle  of  the  band  at  0.3787  Ry.  The  18th  band  is  one  of  possible 
states  into  which  the  doped  electrons  are  injected.  Thus  the  charge  distribution  of  the  Fi  and  X3/  states  is  listed  in  Table 

I.  Both  states  have  about  40  %  of  component  in  the  outer  region  of  muffin-tin  spheres  but  the  relatively  dominant  state  in 
the  rest  of  components  is  Cu  s  state  for  Fi  and  La  d{3z^-x^)  state  for  Xy.  Table  II  lists  the  number  of  valence  electrons  of 
given  symmetry  within  each  muffin- tin  sphere.  Note  that  in  Table  II  the  contributions  from  the  tightly  bound  La  5p  and 
O  2s  bands  are  included. 

4.  Energy  band  structure  for  Th2Cu04  (TCO) 

The  calculated  results  for  the  energy  baud  structure  is  shown  in  Fig.  2  in  which  the  Th  6p  and  O  2s  bands  are  not 
shown.  The  average  energy  levels  are  as  follows;  Th  6p  at  -0.60  Ry,  01  2s  at  -0.71  Ry  and  02  2s  at  -0.79  Ry.  Note  that 
the  2s  levels  of  01  and  02  are  in  inverse  order  as  compared  with  those  of  LCO  because  of  the  change  of  the  Madelung 
potential.  From  Table  II,  the  value  of  effective  poistive  charge  at  the  Th  muffin-tin  sphere  is  10  -  7.424  =  2.576  while  that 
at  La  site  is  9  —  7.064  =  1.936.  Furthermore,  the  Th-02  nearest  neighbour  distance  is  2.326  A,  0.351  A  shorter  than  the 
Th-01  distance. 

The  Th  5f  bands  lie  at  about  0.9  Ry  and  have  about  1.5  times  wider  band  width  than  the  La  4f  band  width  because 
the  Th  5f  state  is  more  extended.  As  shown  in  Table  II,  the  number  of  5f  electron  in  the  Th  muffin-tin  sphere  is  0.6  per 
atom  and  is  about  twice  of  La  4f  electron.  However,  the  most  of  them  is  not  the  atomic  f  character  and  thus  the  Th 
atom  is  considered  to  be  tetravalent  and  the  La  atom  trivalent.  Therefore,  the  Th  6d(3z^-r^)  state  falls  down  due  to  the 
intra-atomic  Coulomb  attraction  and  edso  due  to  the  inter-atomic  Coulomb  interaction  because  the  inter-atomic  distance 
between  the  Th  atoms  placed  at  both  sides  of  CUO2  plane,  Th(0,0,z)  and  Th(0,0,l  -  z),  is  short,  3.620  A  ,  with  ^  =  0.3513. 
Note  that  the  second  nearest  inter-atomic  distance  is  3.723  A  between  Th(0,0,z)  and  Th(  1/2, 1/2, 1/2  -  z)  and  the  third 
one  is  3.945  A  between  Th(0,0,^)  and  Th(l,0,2:).  On  the  other  hand,  the  Cu  4s  state  in  the  18th  band,  the  Fi  state,  shows 
very  little  shift  because  the  Cu  4s  component  decreases  but  the  Cu  3d  component  increaises  as  shown  in  Table  I, 

Two  extra  valence  electrons  per  formula  unit  raise  the  Fermi  energy;  Ep  =  0.6936  Ry.  Thus,  as  shown  in  Table 

II,  the  number  of  d  electron  in  the  Cu  muffin-tin  sphere  increases  by  0.065  per  atom  resulting  to  raise  the  Cu  3d  states, 
especially  the  Cu  3d(x2-y2)  state,  the  F2  and  Z2  states  at  0.51  Ry,  due  to  the  intra-atomic  Coulomb  interaction.  The  four 
bands  from  the  Fi  state  at  0.43  Ry  to  the  F5  state  at  0.44  Ry  have  the  Cu  3d  character  other  than  the  3d(x“-y“)  character. 
They  are  also  shifted  up  but  not  so  much  compared  with  the  3d(x^-y^)  state  because  of  the  different  inter-atomic  Coulomb 
effect.  The  lower  12  bands  are  mainly  of  the  O  2p  chareicter  and  there  is  a  gap  between  the  12th  and  13th  bands.  As  the 
Cu  3d(x^-y^)  state  is  raised,  the  Cu  3d(x^-y^)  and  01  2p  antibonding  band  shifts  up  and  the  Cu  3d  component  in  the  X4 
state  increases  as  shown  in  Table  I.  As  the  result,  the  cuitibonding  band  separates  from  the  lower  bands.  However,  the 
bonding-antibonding  splitting  width  at  the  X  point  does  not  change  compared  with  that  of  LCO. 

Finally  we  investigated  the  mixing  between  the  Cu  3d(x^-y^)  and  01  2p  antibonding  band  and  the  Th  6d(3z“-r") 
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band.  At  the  symmetry  axes  and  the  symmetry  planes  (k,  =  0  plane  and  =  ky  plane),  these  two  bands  are  of  the  different 
irreducible  representations  and  thus  there  is  no  mixing  between  two  bands.  Then  we  performed  the  band  calculation  at 
the  general  points;  along  k=  {1/2,  ky,  1/4),  0  <  ky  <  1/2.  Even  though  these  two  bands  should  not  intersect  by  the  group 
theory,  we  can  not  find  a  definitive  crossing  gap.  This  means  that  the  mixing  between  two  bands  is  very  smalt  and  thus 
the  crossing  gap  is  less  than  0.0005  Ry  judged  from  uncertainty  in  our  band  calculation. 


5.  Energy  band  structure  for  Ce2Cu04 
5.1.  Case  1:  Standard  APW  method  (CCO-1) 

At  first,  we  performed  the  band  calculation  using  the  standard  APW  method,  the  same  as  those  for  LCO  and  TCO. 
The  calculated  results  for  the  energy  band  structure  is  shown  in  Fig.  3.  In  various  trivalent  Ce  compounds,  the  electronic 
band  structure  is  very  similar  to  that  of  corresponding  La  compound  except  for  the  4f  band  position.  However,  the 
calculated  result  as  shown  in  Fig.  3  is  different  from  that  of  LCO;  especially  the  Cu  3d(x2-y2)  qI  2p  antiboiiding  band 
separates  from  the  lower  bands.  This  is  because  the  number  of  3d  electron  in  the  Cu  muffin-tin  sphere  increases  by  0.058 
per  atom  as  compared  with  that  of  LCO.  This  situation  is  essentially  the  same  as  that  for  TCO.  The  average  energy  levels 
of  tightly  bound  Ce  5p  and  0  2s  bands  are  followings,  Ce  5p  at  -0.76  Ry,  01  2s  at  -0.83  Ry  and  02  2s  at  -0.87  Ry.  The 
order  of  2s  levels  of  01  and  02  is  the  same  to  that  of  TCO,  but  the  splitting  width  of  levels  is  about  a  half  of  that  for 
TCO  because  the  value  of  effective  positive  charge  at  the  Ce  site  is  10  -  8.008  =  1.992. 

These  situations  mean  that  the  feature  of  band  structure  is  very  similar  to  that  of  TCO.  However,  the  narrow  Ce  4f 
bands  shift  down  and  cross  the  Cu  3d(x2-y^)  and  01  2p  antibonding  band.  The  Fermi  level  cuts  the  bottom  of  the  4f  band, 
Ef  =  0.4927  Ry,  and  thus  the  number  of  f  electron  in  the  Ce  muffin-tin  sphere  increases  to  be  1.1  per  atom.  As  the  re.sult, 
the  Ce  4f  compOTent  increases  in  the  Fj  and  X3-  states  as  shown  in  Table  I.  It  is  well  known  that  the  calculated  f  band 
based  on  the  local  density  approximation  is  too  close  to  the  Fermi  energy  due  to  inadequate  treatment  of  the  self-interaction 
term.  Thus,  we  considered  this  correction  in  the  next  subsection. 


5.2.  Case  2:  PotentizJ  correction  for  Ce  atom  (CCO-2) 

There  are  variuos  ways  to  treat  the  self-interaction  problem.  In  the  present  paper,  to  raise  the  4f  levels,  we  simply 
added  an  extra  potential  V^r  to  the  Ce  potential  calculated  by  the  local  density  approximation.  We  write  as  a 

biquadratic  expression  of  the  radial  variable  r  and  determine  the  coefficients  by  the  following  conditions.  1)  has  a 

maximum  value  Vo  at  r  =  0.458  A  which  is  the  peak  position  of  the  4f  charge  density  for  the  trivalent  Ce  ion.  2)  At  the 
muffin-tin  sphere  radius,  r  =  has  a  negative  value  V..  3)  V_  =  0  at  r  =  0.916  A.  4)  Average  potential  is  zero; 

jruT  y^^^r'^dr  =  0.  Then  we  set  Vq  =  0.8  Ry  and  Vj  =  -0.2  Ry  and  performed  the  self-consistent  calculation. 

Figure  4  shows  the  energy  band  structure.  Due  to  the  extra  potential  the  Ce  4f  bands  raise  while  the  Ce  od 

states  fall  down  and  the  Ce  5d(3z^-r^)  component  increases  at  the  Fi  and  X3-  states  as  shown  in  Table  I.  The  energy  of 
X3.  state  decreases  but  that  of  the  Fi  state  decreases  only  slightly.  The  number  of  f  electron  in  the  Ce  muffin-tin  .sphere 
decreases  to  be  0.79  per  atom  corresponding  to  the  tetravalent  state  judged  from  the  results  of  various  other  Ce  com|30unds. 
The  Fermi  energy  is  located  at  0.5328  Ry. 

The  Cu  3d  states  raise  and  thus  the  gap  appears  again  between  the  12th  and  13th  bands.  However,  the  splitty'g 
width  of  the  bonding-antibonding  bands  between  the  Cu  3d{x2-y=)  and  01  2p  states  does  not  change.  As  the  effec.ue 
positive  charge  at  the  Ce  site  increases  to  be  10  -  7.918  =  2.082,  the  splitting  width  of  the  tightly  bound  0  2s  baiuLs 
increases;  01  2s  at  -0.82  Ry  and  02  2s  at  -0.88  Ry.  The  Ce  5p  band  is  located  at  -0.80  Ry. 


6.  Discussions 

It  is  well  known  that  the  energy  dispersion  of  the  usual  band  calculation  has  no  significant  physical  meaning  but 
it  can  reproduce  the  one  particle  Green’s  function,  which  is  observed  by  the  photoemission  measurment,  for  example, 
fairly  well  for  the  weakly  correlated  systems.  It  is  also  well  known  that,  for  the  strongly  correlated  system,  a  proper 
treatment  of  correlation,  namely  the  intra-atomic  Coulomb  interaction,  is  essentially  important  and  the  CuO^  type  high 
Tc  materials  belong  to  this  class.  Therefore,  to  get  proper  informations  on  the  system  which  we  have  treated  here,  some 
modifications  due  to  the  strong  correlation,  in  particular  on  Cu  3d(x^-y^)  state,  is  necessary.  Roughly  speaking,  there 
are  two  main  modifications.  Firstly,  the  3d(x^-y^)  state  is  shifted  up  while  other  .3d  states  shifted  down  relatively  to  O 
2p  states.  Secondly,  the  bonding  and  antibonding  Cu  3d{x2-y^)-0  2p<T  bands  change  character  to  the  lower  and  upper 
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Hubbard  bands  of  d(x^-y^).  By  these  modifications,  the  top  of  the  filled  bands  becomes  0  2pa  bands  and  the  bottom  of 
the  upper  Hubbard  band  is  expected  to  be  about  2  eV  above  that,  namely  a  little  bit  below  the  position  of  X4  state,  in 
La2Cu04.  Therefore  the  X3.  and  Ti  states  are  thought  to  be  not  the  bottom  of  the  unoccupied  bands.  An  isolated  Th 
impurity  is  thought  to  be  not  sufficient  to  bring  the  Th  6d(3z2-r^)  state  to  the  bottom.  However,  the  pair  of  Th  to  form 
the  bonding  6d(.3z--r’)  state,  or  their  cluster,  is  thought  to  bring  the  bonding  band  below  the  Cu  d(x^-y^)  state  judging 
from  the  present  calculation  on  Th2Cu04.  The  same  thing  is  expected  for  the  Ce  substitution.  Therefore  the  main  carrier 
in  .Md2-iCeiCu04  for  i  ~  0.15  is  thought  to  be  of  the  bonding  Ce  5d(3z^-r^)  band. 

It  is  impotant  to  note  that  the  mixing  of  the  bonding  Ce  5d(3z^-r^)  band  with  Cu  3d(x“-y)  and  O  2pi7  states  is  very 
weak  due  to  the  symmetry.  In  the  actual  crystal,  however,  due  to  random  substitution  of  Ce*'*',  the  symmetry  breaking 
occurs  and  a  moderate  amount  of  mixing  is  expected.  Then  the  situation  is  very  similar  to  the  Ce,  or  more  precisely  Yb, 
compounds  and  the  dense  Hondo  behavior  is  expected.  Actually,  Date  et  al.  found  recently  a  typical  dense  Hondo  behavior 
of  resistivity  in  the  normal  state  under  high  magnetic  field  [9].  More  works  are,  of  course,  necessary  to  confirm  the  present 
picture. 


NdpCuO^-type  La2Cu04 


Nd2Cu04-type  Th2Cu04 


r  2  z^r^x^z^r^x^p^N 

Fig.  1.  Self-consistent  APW  energy  band  structure  for 
La2Cu04. 


yWp  <3  N 


Fig.  2.  Self-consistent  APW  energy  band  structure  for 
Th2Cu04. 


Nd2Cu04“lyp€  Ce2Cu04 


Fig.  3.  Self-consistent  APW  energy  band  structure  for 
Ce2Cu04  (case  1). 


Fig.  4.  Self-consistent  APW  energy  band  structure  for 
Ce2Cu04  (case  2)  with  potential  correction  for  Ce. 
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Table  I.  Energies  and  charge  distributions  of  the  Ti,  X3-  and  X*  states  as  mentioned  in  the  text 
for  La2Cu04  (LCO),  Ce2Cu04  case  1  (CCO-1)  and  case  2  (CCO-2),  and  ThjCu04  (TCO).  Com¬ 
ponents  are  shown  in  par  cent  and  the  minus  sign  (-)  means  that  the  state  is  not  generated  by  the 
symmetry. 
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0.4854 

31 

1 

0 

20 

27 

5 

- 

10 

5 

0 

0.6243 

8 

1 

0 

8 

71 

1 

- 

9 

1 

0 

TCO 

0.6135 

43 

* 

0 

17 

12 

8 

• 

11 

7 

0 

X4  state 

LCO 

0.5321 

7 

- 

- 

0 

0 

- 

- 

47 

- 

46 

- 

0 

- 

- 

CCO-1 

0.5842 

6 

- 

- 

0 

0 

- 

52 

- 

41 

0 

CCO-2 

0.6158 

5 

- 

- 

0 

2 

- 

- 

54 

38 

0 

- 

TCO 

0.7377 

5 

0 

0 

57 

38 

0 

Table  II.  Number  of  valence  electrons  within  the  muffin- 
tin  spheres. 


La3Cu04 

CejCuOi 
Case  1  Case  2 

ThjCuO^ 

Charge  content  within  the  muffin-tin 
spheres  (per  atom) 

M  s  0.139  0.135  0.143 

0.145 

p  5.825 

5.898 

5.891 

5.785 

d  0.727 

0.804 

1.021 

0.817 

f  0.304 

1.104 

0.793 

0.600 

total  7.064 

8.008 

7.918 

7.424 

Cu  s  0.348 

0.326 

0.343 

0.365 

p  0.298 

0.338 

0.331 

0.368 

d  9.071 

9.129 

9.146 

9.136 

total  9.775 

9.853 

9.878 

9.927 

01  s  1.538 

1.536 

1.539 

1.536 

p  '  3.414 

3.403 

3.383 

3.413 

total  4,959 

4.949 

4.933 

4.961 

02  5  1.542 

1.547 

1.545 

1.548 

p  3.541 

3.502 

3.492 

3.578 

total  5.090 

5.056  ' 

5.044 

5.136 

ES  s  0.055 

0.069 

0.074 

0.110 

p  0.024 

0.023 

0.024 

0,027 

total  0.085 

0.098 

0.104 

0.144 

Outer  region  (per  F.U.) 

8.830 

8.925 

9.124 

9.744 

Total  charge  (per  F.U.) 

53.0 

55.0 

55.0 

55.0 
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.The  ground  state  of  Cu-0  and  Ni-0  systems  is  investigated  by  calculating 
the  wave  function  for  finite  size  clusters  containing  more-than-one  cat¬ 
ions  with  periodic  boundary  conditions.  In  the  case  of  the  Cu-0  sys¬ 
tem  the  electronic  structure  and  correlation  of  the  CuO^  plane  with  apex 
oxygens  is  investigated  by  calculating  the  ground  state  wave  function  of 
a  Cu2^0^2  cluster.  The  cluster  is  the  smallest  among  those  taking  ac¬ 
count  of  the  electron  transfer  between  CuO^  units  with  the  translational 
invariance  of  the  CUO2  plane.  When  extra  holes  are  introduced,  they 
have  amplitudes  on  all  the  atoms  including  the  apex  oxygens  unlike  the 

case  of  a  single  CuO^  cluster.  No  appreciable  spin  correlation  between 
^  2  2 

the  apex  oxygen  orbital  and  Cu  d(x  . -  y.  )  is  found.  Spin  correla¬ 
tions  between  other  pairs  of  orbitals  and  spin  and  charge  fluctuations 
of  a  CuO^  cluster  are  also  examined.  In  the  case  of  the  Ni-0  system 
the  change  from  the  state  corresponding  to  the  insulating  phase  with  well 
developed  magnetic  moment  of  Mi  to  the  state  corresponding  to  the  nonmagnet¬ 
ic  phase  with  either  decreasing  the  charge  transfer  energy  between  Ni 
and  0  or  decreasing  the  intraatomic  coulomb  energy  of  Ni  is  investigated 
by  use  of  a  simplified  model.  It  is  found  that  the  system  makes  a  tran¬ 
sition  from  the  insulating  state  to  an  intermediate  state  where  the  mag¬ 
netic  correlation  between  Ni  atoms  is  drastically  decreased  while  retain¬ 
ing  a  finite  atomic  magnetic  moment. 

§1.  Cu-0  System 

The  p-type  oxide  high  T^  superconductors  so  far  known  possess  the  CUO2  planes  on 
which  each  Cu  atom  are  surrounded  pyramidally  by  four  in-plane  oxygen  atoms  and  an 
extra  one  at  the  apex  site;  in  the  case  of  the  prototype  of  them,  Ba-La-Cu-0  system, 
they  are  surrounded  octahedrally .  Those  recently  found  Tl-Ba-Ca-Cu-0  and  Bi-Sr-Ca-Cu- 
0  systems  possess  another  kind  of  the  CUO2  planes  with  Cu  atoms  surrounded  only  by  four 
in-plane  oxygen  atoms  without  the  apex  ones.  Since  T^  as  function  of  the  number  of 
the  latter  kind  of  the  CUO2  planes  decreases  after  passing  a  maximum,  we  may  assume 
that  the  pyramidal  planes  are  primarily  responsible  for  the  superconductivity. 

We  carried  out  a  calculation  of  the  ground  electronic  state  of  a  model  of  the 
pyramidal  plane  which  corresponds  to  four  pyramids  sharing  the  in-plane  oxygens.  De-' 
tails  of  it  have  been  published  already. [1]  The  ground  states  of  the  system  with  and 
without  extra  holes  are  investigated.  The  electronic  structure  of  the  pyramidal 

plane  has  been  discussed  so  far  with  the  models  in  which  a  single  Cu  atom  is  taken  into 
account.  The  primary  purpose  of  the  present  investigation  is  to  elucidate  the  effect 
of  the  hole  itinerancy  on  the  electronic  structure. 
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We  employ  a  Cuy0^2  cluster,  which  may  contain  4  or  6  holes.  (Fig.  1)  We  confine 
ourselves  to  twenty  atomic  orbitals  shown  in  Fig.  2,  that  is,  eight  Cu  orbitals, 
eUht  p  orbitals  of  in-plane  oxygen  atoms  and  four  p^  orbitals  of  apex  oxygen  atoms, 
we  take^into  account  the  electron  (hole)  transfer  among  Cu  d^  and  oxygen  p  orbitals  in 
the  LCAO  scheme,  assuming  the  same  transfer  parameters  as  in  Fujimori’s  single_cluster 
calculation,  in-plane  (ppo)=0.5eV,  (pda)=-1.35eV,  and  (pdm)  -  R  '  ,  (ppm)  =  R  with 

1  23  for  the  ratio  between  the  off-plane  and  in-plane  Cu-0  [2].  Coulomb  and  exchange 
interactions  between  Cu  d(x2  -  y^)  and  d(3z2  -  r^)  orbitals  are  treated  exactly;  J=5.3 
eV  and  K=0.8eV  are  assumed.  The  coulomb  self-energy  of  the  oxygen  p  orbitals  Up  and 
that  of  Cu  d  orbitals  are  taken  to  be  3.0eV  and  6.0eV,  respectively.  There  are 

two  remaining  parameters  A  and  A  which  are  the  charge  transfer  energies  defined  by 
the  difference  of  the  one-hole  energies  between  the  in-plane  or  apex  oxygen  p  orbitals 
and  the  Cu,  d  orbitals.  Since  the  value  of  Ap^  has  not  been  well  established  yet,  we 
vary  it  frora^0.5eV  to  2.5eV  with  the  result  that  no  qualitative  change  of  the  ground 
state  is  found.  The  parameter  A  is  varied  within  the  range  O.OeV  <  Ap^  <  Ap^. 

Since  the  Hamiltonian  conserves  the  total  spin  of  the  system,  we  investigate  tne  ground 
state  with  zero  total  .  The  calculation  is  carried  out  by  .use  of  the  Lanczos  mesh- 

Deferring  details  to  the  publication  [1]  we  summarize  the  conclusions.  We  . ind 
the  hole  occupancy  of  the  order  of  0.1  per  orbital  in  the  of  the  apical  oxygens  in 
the  absence  of  extra  holes,  i.e.  in  the  case .of  4  holes  in  the  system  and  about  0.2  in 
the  case  two  extra  holes  (six  holes  in  the  system);  the  holes  in  the  p^  orbita^  have  ..o 
aporeciable  spin  correlation  with  those  in  Cu  d  orbitals.  When  extra  holes  are  added, 
they  distribute  rather  evenly  among  all  the  orbitals  taken  into  account  in  the  caUula- 
tion  Two  third  of  them  enter  in  the  oxygen  orbitals.  It  seems  to  be  rather  diffi 

cult  to  deduce  a  simple  model  such  as  the  t-J  model  from  the  present  calculation.  We 
discuss  in  future  publication  the  XAS  and  XPS  on  the  basis  of  the  present  analysis. 


Fig.  1  A  CU|^0^2  cluster  used  in  the  cal¬ 
culation.  Large  and  small 
spheres  denote  Cu  and  oxygen 
atoms  respectively.  Periodic 
boundary  conditions  are  imposed 
for  both  directions  in  the  a-b 
plane . 


Fig.  2  The  atomic  orbitals  in  the  Cu^0^2 
cluster.  We  treat  only  the 
oxygen  p  orbitals  that  are  o 
bonded  to  the  Cu  d^  orbitals. 
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§2.  Ni-0  System 


NiO  was  a  classical  example  of  the  Mott-Hubbard  insulator,  where  the  energy  cost 

7  q  8 

U  required  to  produce  iMi(d' )  and  Ni(d^)  from  two  Ni(d  )  was  supposed  to  suppress  the 

itinerancy  of  d  electrons.  However,  it  has  been  pointed  out  first  by  Fujimori  [3] 

and  discussed  later  more  generally  by  Sawatzky  and  Allen  [4]  that  the  charge  transfer 

8  Q 

energy  A  involved  in  the  process  Ni(d  )-*‘Ni(d  )L  with  L  representing  a  hole  in  the  lig¬ 
and  replaces  U  in  the  discussion  of  the  metal-insulator  transition  of  Ni  compounds 
with  the  situation  that  A  is  generally  smaller  than  U,  If  A  is  sufficiently  small, 
we  expect  that  d  electrons  are  delocalized  and  Ni  atoms  will  lose  their  magnetic  mo¬ 
ment.  In  fact  NiS  which  is  insulating  and  antiferromagnetic  with  the  atomic  moment 
of  about  1.7Ug  at  low  temperatures  becomes  metallic  at  high  temperatures  or  under  high 
pressure;  the  metallic  phase  is  not  antiferromagnetic,  though  the  absence  or  presence 
of  the  atomic  moment  is  not  easy  to  conclude  from  the  susceptibility  measurement. 

The  photoemission  experiment  on  NiS  yields  the  result  that  the  overall  spectra 
do  not  change  appreciably  at  the  metal-insulator  transition.  [51  It  has  been  discussed 
by  Terakura  [6],  for  example,  that  we  should  expect  a  more  conspicuous  change  of  the 
photoelectron  spectra  between  the  nonmagnetic  metallic  phase  and  the  antiferromagnetic 
state  in  the  band  structure  calculation.  This  apparent  discrepancy  is  one  of  the 

motivation  of  the  present  study.  Another  motive  is  the  possibility  of  the  high  T^ 
superconductivity  in  Ni  compounds  which  would  be  expected,  if  any,  near  or  after  the 
transition  into  the  metallic  phase.  Bearing  in  the  mind  that  the  electron  correlation 
will  be  important  even  in  the  metallic  phase,  we  investigate  in  the  present  study  the 
ground  state  of  a  cluster  consisting  of  more  than  one  Ni  atoms  and  their  ligands  by 
diagonalizing  exactly  the  Hamiltonian  including  the  electron-electron  interaction;  we 
find  the  change  of  the  ground  state  wave  function  corresponding  to  the  metal-insulator 
transition  by  varying  the  charge  transfer  energy  and  the  intraatomic  coulomb  energy. 

Figure  3  illustrates  the  simplified  model  adopted  in  the  calculation.  So  far 

we  have  carried  out  the  calculation  of  the  ground  state  for  a  chain  consisting  up  to 

four  Ni  atoms  intervened  by  atoms  corresponding  to  either  oxygen  or  sulfur  with  the 

perioding  boundary  condition.  We  assume  the  hole  picture  in  the  calculation;  in  the 

limit  of  large  A  each  Ni  atom  will  accomodate  two  holes.  Adopting  a  tight  binding 

model,  we  assume  for  each  Ni  atom  two  orbitals  which  correspond  to  the  d^-  orbitals  of 

e^  symmetry  and  for  each  intervening  ligand  atom  an  orbital  corresponding  to  p^  of  0 

or  S.  The  electron  transfer  is  assumed  to  take  place  between  p^  and  either  of  the  d^ 

orbitals  with  the  same  magnitude  of  the  matrix  element  denoted  by  t.  The  intraatomic 

coulomb  interaction  among  the  two  d  orbitals  is  taken  into  account  fully  under  the 

assumption  of  the  e^  symmetry.  The  parameter  U  characterizing  its  magnitude  is  de- 
S  Q  7  8 

fined  by  U=  which  is  equal  to  the  energy  difference  E(d^)  +  E(d' )  -  2E(d  ). 

The  calculation  is  based  on  the  Lanczos  method. 

Figure  ^  shows  an  example  of  the  result  of  the  calculation.  We  find  that  the 
ground  state  changes  more-than  one  times  by  decreasing  A.  The  change  takes  place  in 
a  narrow  range  of  A;  except  for  this  transition  range  the  total  spin  of  the  system 
remains  zero.  Figure  4  shows  the  average  of  the  magnitude  of  the  total  spin  of  each 
Ni  atom  and  the  spin  correlation  between  neighboring  Ni  atoms.  The  state  for  large 
A  is  characterized  by  a  large  magnitude  of  Ni  spin  and  a  large  antiferromagnetic  coup¬ 
ling  between  neighboring  Ni  atoms.  Decreasing  A,  we  reach  the  next  state  where  the 
total  spin  of  a  Ni  atom  is  still  high,  corresponding  to  the  magnetic  moment  larger  than 
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one;  it  is  characterized,  however,  by  a  small  value  of  the  spin  correlation  between 
neighboring  Mi  atoms.  By  reducing  A  further  we  go  into  the  state  where  holes  seem  to 
move  more  independently  and  freely  between  Ni  and  intervening  orbitals. 

We  have  calculated  the  photoemission  spectra  with  the  same  model.  The  calcu¬ 
lation  shows  that  the  spectra  of  the  intermediate  state  can  remain  quite  similar  to 
those  of  the  state  of  high  A  if  the  transition  matrix  elements  to  the  free  state  from 
the  d  and  p  states  are  of  the  same  order  of  magnitude. 

The  present  calculation  indicates  the  possibility  that  electrons  in  the  metallic 
phase  of  NiS  are  still  highly  correlated  corresponding  to  the  intermediate  state  men¬ 
tioned  above.  Details  of  the  calculation  and  further  discussions  are  deferred  to 
future  publication. 


Fig.  3  An  illustration  of  the  model 


for  Ni  compounds. 


<(Zs^(i) )^> 


<(rs^(i))-(5:s^(j))> 


Fig,  ^  Calculated  dependence  of  the  spin  correlations  on  A.  £s^(i)  represents  the 

total  spin  at  i-th  site  of  Ni.  The  upper  part  gives  the  average  value  of  the 
square  of  the  total  spin;  the  lower  part  the  correlation  between  neighboring 
sites  of  Ni.  The  calculation  assumes  t=l,  Juu=5,  ^uv’^  where 

J  and  K  are  the  coulomb  and  exchange  integrals  of  the  two  d^  orbitals  and 
is  the  coulomb  integral  for  the  p  orbital. 


[1]  T.  Nishino  and  J.  Kanamori,  J.  Phys .  Soc .  Jpn.  59  (1990)  253. 

[2]  A.  Fujimori,  Phys.  Rev.  B39  (1988)  793. 

[3]  A.  Fujimori,  F.  Minami  and  S.  Sugano,  Phys.  Rev.  B29  (1984)  5225. 

[4]  G.  A.  Sawatzky  and  J.  W.  Allen,  Phys.  Rev.  Lett.  53  (1984)  2239* 

[51  A.  Fujimori,  M.  Matoba,  S.  Anzai,  K.  Terakura,  M.  Taniguchi,  and  S.  Suga,  J.  Mag 
and  Mag.  Mat.  70  (1987)  67. 

[6]  K.  Terakura,  ref. [5]  and  private  communication 


3Q6 
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Theoretical  analysis  is  presented  for  the  spectra  of  X-ray  photoemission  (XPS),  X-ray  absorption  (XAS)  and 
X-ray  emission  (XES)  associated  with  the  Cu  2p  core  level  in  high-T^  systems  and  related  materials.  We  use 
the  single- site  impurity  Anderson  model  with  Cu  3d  orbitals  and  0  2p  valence  bands  specified  by  irreducible 
representations  of  the  symmetry  around  the  Cu  atom.  By  analyzing  Cu  2|^XPS,  we  can  get  information 
on  the  hybridization  strength  between  Cu  3d  and  0  2p  states  and  the  charge  transfer  energy.  In  determining 
the  spectral  shape  of  the  XPS  satellite,  it  is  shown  that  the  interplay  between  the  intraatomic  multiplet 
coupling  and  the  solid-state  hybridization  plays  an  essential  role.  The  Cu  2p-XAS,  especially  its  polarization 
dependence,  gives  most  direct  information  on  the  site  and  the  symmetry  of  doped  holes.  Finally,  we  show 
the  Cu  2p-XES  can  also  be  interpreted  by  using  the  impurity  Anderson  model  in  a  manner  consistent  with 
XPS  and  XAS. 


1.  Introduction 

In  the  study  of  electronic  states  of  high  T<.  superconductors,  core-level  spectroscopic  techniques,  such  as  X-ray 
photoemission  (XPS),  X-ray  absorption  (XAS)  and  X-ray  emission  (XES),  have  played  an  important  role.^)  The  XPS 
strongly  relrects  the  effect  of  the  hybridization  between  Cu  3d  and  0  2p  states.^" The  XAS^"®^  and  XES^°’^^^ 
provide  us  with  information  on  the  unoccupied  and  occupied  valence  states,  respectively.  Especially,  the  polarization 
dependence  of  the  XAS  gives  most  direct  information  on  the  site  and  the  symmetry  of  the  extra-holes  doped  in  high-Tc 
materials.’^’®^ 

In  order  to  extract  useful  information  &om  experimental  data  of  core-level  spectroscopy,  it  is  necessary  to  carry 
out  the  theoretical  analysis  by  taking  account  of  the  many  body  effect  induced  by  a  strong  core-hole  potential.  It  is 
the  purpose  of  the  present  paper  to  review  our  systematic  analysis^ of  XPS,  XAS  and  XES  of  the  Cu  2p  core 
level  in  high  Tg  systems  vdth  the  use  of  the  single-site  impurity  Anderson  model. 

In  Section  2,  our  model  is  introduced  and  the  method  of  calculating  Cu  2p-XPS,  XAS  and  XES  is  shown.  The 
results  of  the  analysis  is  presented  in  Section  3.  Section  4  is  devoted  to  the  discussion  mainly  on  the  effect  of  the 
multiplet  coupling. 

2.  Model  and  Method  of  Spectral  Analysis 

We  use  the  impurity  Anderson  modeU^^  consisting  of  a  single  Cu  ion  on  the  so-called  CuOj  plane,  which  is 
commonly  included  in  La-Sr-Cu-0,  Y-Ba-Cu-0  and  Bi-Sr-Ca-Cu-0  high  Tc  systems,  and  a  valence  band  of  0  ions. 
The  Hamiltonian  is  described  by 

^  V 

r,<r  r,<T  *=1  r,<r  h  ^  ^ 

-I — ii  ^  “  ^dc^d^^dr<r(l  “  aj'ac), 

(r,<r)/(r',<7')  r,<r 


jU/ 


(1) 


where  the  first  and  second  terms  on  the  right-hand  side  represent,  respectively,  the  Cu  3d  state  and  the  O  2p  valence 
band.  The  index  T  represents  the  symmetry  of  the  Cu  3d  orbital  states  which  are  taken  as  irreducible  representation 
aii,.  big  and  €g  in  the  point  group,  and  the  index  k  describes  the  energy  levels  of  the  valence  band.  The  third, 
fourth  and  fifth  terms  represent  the  hybridization  between  the  3d  and  valence  band  states,  the  Coulomb  interaction 
between  3d  electrons  and  the  core  hole  potential  acting  on  the  3d  states, respectively.  For  the  moment,  we  disregard 
the  efiect  of  the  multiplet  coupling  originating  from  the  multipole  Coulomb  interaction  and  the  spin-orbit  interaction. 
This  effect  is  discussed  in  Section  4.  Futhermore,  when  we  analyze  the  polarized  Cu  2p-XAS  of  Y-Ba-Cu-0,  we  also 
take  account  of  the  contribution  from  the  Cu  site  on  the  CuO  chain. 

The  spectra  of  Cu  2p-XPS  and  Cu  2p-XAS  are  expressed,  respectively,  as 

Fxps{Eb)  =  I  I  ^  -  Ef  +  Eg),  (2) 

/ 

and 

Fxas{<^)  =  1]  I<  /  I  I  9  >1*  Liw  -E,+  Eg),  (3) 

/ 

where  |  >  and  |  /  >  represent  the  initial  and  final  states  with  energy  Eg  and  Ef,  respectively,  Eb  is  the  binding 

energy,  u;  is  the  incident  photon  energy,  and  L{x)  is  the  Lorentzian  function  by  which  the  spectral  broadening  due 
to  the  core  hole  lifetime  and  the  experimental  resolution  is  represented.  The  Cu  2p-XES  is  expressed,  by  applying 
the  formula  of  the  second  order  optical  process^^l,  in  the  form 

FxesH  =  'E\<f\  H-E,-\-i(niTT‘ '  ® 

Here  we  consider  the  process  where  a  2p  cote  electron  is  first  excited  to  a  high  energy  continuum  by  a  monochromatic 
incident  X-ray,  and  then  a  3d  electron  makes  a  transition  to  the  2p  level  by  emitting  an  X-ray  photon  with  energy  w. 

In  order  to  calculate  these  spectra,  we  diagonalize  numerically  the  Hamiltonian  (1)  for  a  finite  system  where  ei,r 
are  taken  as 

e^T  =  elT-WI2  +  W[k-\l2)IN  .  (5) 

Here,  ejr  “  center  of  the  valence  band  with  symmetry  F,  TY  is  the  width  of  each  valence  band,  and  k  =  1  ~  JV. 
The  energy  dependence  of  the  hybridization  is  assumed  to  be  semi-elliptical  and  is  given  by 

(V*r)*  =  -  (f*r  -  sjr)’]’'*.  («) 

where  V(r)  is  the  strength  of  the  hybridization.  The  value  of  AT  is  taken  to  be  so  large  that  the  calculated  spectra 
converge  weU.  The  key  parameters  of  our  model  are  V(r),  Ua,  Ui„  and  the  charge  transfer  energy  A(r)  which 
represents  the  energy  difference  between  d}°L(T)  and  d»(r)  configurations  (in  the  limit  of  vanishing  V),  where  L 
denotes  a  hole  in  the  valence  band.  Namely,  A(r)  is  defined  by 

A(r)  =  ffj  +  Wii  -  elr  .  (7) 


3.  Results 

First  we  show  the  result  of  our  analysis  for  undoped  La2Cu04f  a  typical  mother  material  of  high  Tc  systems.  In 
La,Cu04  the  Cu  ion  is  nominally  divalent,  so  that  the  ground  state  of  the  impurity  Anderson  model  includes  one 
hole.  There  is  a  general  consensus  that  the  symmetry  of  the  hole  is  6i,,  and  the  ground  state  is  a  strongly  hybridized 
state  between  3<i®(6i,)  and  3d^°L(big)  configurations. 
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The  calculated  results^^’^^^  of  Cu  2j>-XPS,  XAS 
and  XES  are  shown  in  Fig.  1  and  compared  with  the 
corresponding  experimental  data^’®’^®^  (2ps/2  com¬ 
ponent)  in  the  inset.  In  the  final  state  of  XPS, 
the  energies  of  3d®(6i^)  and  configura¬ 

tions  become  very  different  because  of  the  core  hole 
potential  -Ufa  and  the  latter  configuration  gives 
the  main  peak  of  XPS,  while  the  former  gives  the 
satellite.  In  order  to  reproduce  the  intensity  ra¬ 
tio  and  energy  separation  between  the  main  peak 
and  the  satellite,  as  well  as  to  reproduce  the  other 
spectra^^)(e.  g,  3d-XPS),  we  estimate  the  parame¬ 
ter  values  as  A(6i^)  =  2.0  eV,  ^(hip)  =  2.5  eV, 

Udc  =  8.0  eV  and  VT  =  3.0  eV.  On  the  difference 
in  the  theoretical  and  experimental  spectral  shapes  of  the  satellite,  we  discuss  in  Section  4. 

In  the  final  state  of  Cu  2p-XAS  of  La2Cu04,  we  have  only  one  state  with  the  3d^®  configuration,  so  that  the 
spectrum  is  given  by  a  single  peak  (which  is  denoted  by  white  line)  as  shown  in  Fig.  1.  On  the  other  hand,  the 
XES  process  is  very  complicated;  the  intermediate  state  consists  of  3d®(6i^)  and  Zd}^L{big)  configurations,  which  is 
the  same  as  the  final  state  of  XPS,  and  the  final  state  consists  of  3(i®,  3d®i  and  3d^®X^  configurations  with  various 
symmetries  and  with  the  hybridization  among  them.  However,  when  we  sum  up  all  the  XES  processes,  we  find  that 
XES  also  has  a  single  peak  as  shown  in  Fig.  1,  where  we  used  the  additional  parameter  values  of  A(aiy)  =  leV, 
A(b2g)  =  A{eg)  =  3eV,  V{aig)  -  2.0eV,  V(b2g)  =  1.5eV,  V{eg)  =  l.OeV  and  Udd  =  T.OeV.  The  calculated  XES 
spectrum  is  in  fairly  good  agreement  with  the  experimental  result  not  only  in  its  spectral  shape  but  also  in  the 
relative  peak  position  with  XPS  and  XAS.  When  we  change  the  value  of  Uddi  fhe  XES  peak  energy  changes  to  some 
extent.  The  choice  of  Udd  =  7.0eV  is  reasonable  from  the  analysis  of  as  well  as  3d-XPS.^’^ 

Prom  our  parameter  values  we  find  Udd  >  A.  This  means  that  the  system  is  the  so-called  charge  transfer  type 
insulator^®\  and  suggests  that  when  holes  are  doped  they  enter  mainly  the  O  2p  valence  band.  So,  it  is  interesting  to 
study  explicitly  the  effect  of  the  doped  hole  with  the  impurity  Anderson  model.  When  an  extra- hole  with  symmetry 
r  is  added  in  our  model,  we  have  two  holes  in  the  system,  and  the  ground  state  is  a  linear  combination  of  3d®(6iy,  F), 
3d®(6iy)i(r),  3d®(r)X(6iy)  and  3d^®Z^(6iy,  F).  With  our  parameter  values  the  lowest  state  of  F  =  big  is  close  to  that 
of  F  =  aiy.  When  we  calculate  Cu  2p-XPS,  the  spectrum  is  very  similar  to  that  of  the  undoped  system^^\  irrespective 
of  F  =  big  or  aig.  Experimetal  data  also  show  that  the  effect  of  the  doping  is  very  small  in  Cu  2p-XPS*^  This  is 
interpreted  that  the  extra-hole  is  mainly  on  the  O  site  while  the  Cu  2p-XPS  is  not  sensitive  to  the  electronic  state  on 
the  0  site.  As  a  matter  of  fact,  when  we  calculate  the  weight  of  the  Sd®  configuration  in  the  ground  state,  we  obtain 
only  6.5%  for  F  =  big  (only  4.4%  for  F  =  ai^),  and  thus,  most  of  the  extra-holes  enter  the  O  2p  states. 

When  we  study  the  effect  of  the  doped  hole  on  Cu  2p-XAS  with  our  model,  it  is  found  that  the  doped  hole 
contributes  to  a  satellite  peak  on  the  higher  energy  side  of  the  white  line  of  the  undoped  system.  The  satellite  is 
allowed  for  e  ±  c  in  the  case  of  F  =  6ip,  whereas  it  is  allowed  for  f  ||  c  in  the  case  of  F  =  aiy,  where  e  and  c  represent 
the  direction  of  the  X-ray  electric  field  and  the  crystalline  c-axis,  respectively^ According  to  experimental  data 
for  Y-Ba-Cu-0’^\  the  extra-holes  give  rise  to  a  weak  satellite  about  1.5  eV  above  the  white  line,  and  the  relative 
intensity  of  the  satellite  is  proportional  to  the  doped  hole  concentration.  A  similar  satellite  is  also  observed  in  the 
Bi-Sr-Ca-Cu-0  system®^.  Prom  the  polarized  XAS  measurements,  the  satellite  of  Y-Ba-Cu-O  is  mainly  allowed  for 


Fig.  1  Calculated  results  of  Cu  2p-XPS,  XAS  and  XES  for 
La2Cu04.  Experimental  results  are  shown  in  the  inset. 
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e\\c^\  while  that  of  Bi-Sr-Ca-Cu-0  is  mainly  allowed  for  5  1  A  similar  result  was  also  obtained  by  recent  EELS 
measurements. 

From  the  theoretical  and  experimental  results  mentioned  above,  we  interpret  that  in  the  Bi-Sr-Ca-Cu-0  system 
the  extra  holes  are  doped  in  the  hg  state,  which  mainly  consists  of  the  O  2p*  and  2py  states  in  the  CuOj  plane. 
This  is  also  consistent  with  recent  experimental  results  of  O  ls-XAS'^’^®>,  where  the  XAS  near  the  absorption  edge  is 
aUowed  only  for  e  1  c.  However,  in  analysing  Cu  2p-XAS  of  Y»Ba-Cu-0,  we  should  be  careful,  because  there  are  two 
inequivalent  Cu  sites:  the  Cu(l)  site  on  the  CuO  chain  in  addition  to  the  Cu(2)  site  in  the  CuOj  plane.  In  order  to 
treat  both  Cu(l)  and  Cu(2)  sites,  we  combine  the  impurity  Anderson  model  including  the  Cu(2)  site  with  a  cluster 
model  including  the  Cu(l)  site.^®^  For  the  impurity  Anderson  model,  we  use  the  same  model  as  that  we  have  treated 
so  far,  because  the  parameter  values  for  Y-Ba-Cu-0  is  not  very  different  from  those  for  La2Cu04.^^^  The  cluster 
model  consists  of  the  Cu(l)  and  the  neighboring  four  0  atoms  for  YBa2Cu307-j  with  ^  =  0,  while  it  consists  of  the 
Cu(l)  and  three  0  atoms  for  6  =  0.5.  The  apical  0  atom  is  closer  to  Cu(l)  than  to  Cu(2),  so  that  it  is  included  in 
the  cluster  model.  The  charge  transfer  energy  between  0(1)  2p  and  Cu(l)  Zd  states  are  taken  to  be  1.0  eV,  and  that 
between  0(4)  2p  and  Cu(l)  3d  to  be  2.5  eV,  where  0(1)  is  the  0  atom  on  the  CuO  chain  and  0(4)  is  the  apical  0 
atom.  The  hybridization  in  the  cluster  is  taken  consistently  with  that  in  the  Cu02  plane  such  that  the  hybridization 
strength  is  proportional  to  ®  with  the  Cu-0  distance  r. 

The  calculation  of  the  Cu  2p-XAS  is  made  for  5  =  0 
and  0.5.  For  a  general  value  of  5,  the  results  for  5  =  0  and 
0.5  are  superposed  with  the  statistical  weight.  A  result  for 
5  =  0.2  is  shown  in  Fig.  2.  This  is  obtained  by  assuming 
that  a  half  of  the  doped  holes  enter  the  Cu02  plane  with 
the  symmetry  of  ~  around  Cu(2)  and  the  remaining 
half  enter  the  CuO  chain  and  the  apical  O  atom  around 
Cu(l).^®^  The  white  line  for  e  1  c  comes  mainly  from  the 
undoped  Cu(2)  site,  while  the  main  line  and  the  satellite 
for  II  c  originate  from  the  undoped  Cu(l)  site  and  the 
Cu(l)  site  with  the  doped  hole  on  the  neighboring  O  atoms, 
respectively.  The  effect  of  the  holes  doped  in  the  Cu02 
plane  also  gives,  for  f  X  c,  a  shoulder  on  the  higher  energy 
side  of  the  white  line,  but  it  b  not  clearly  separated  as  a 
satellite  peak.  These  features  agree  rather  well  with  those 
of  experimental  results.'^’^’')  Therefore,  we  interpret  that 
in  the  Y-Ba-Cu-0  system  the  extra-holes  are  not  doped  selectively  in  a  specific  oxygen  site  but  a  considerable  amount 
of  holes  enter  all  of  the  oxygen  sites  in  the  Cu02  and  BaO  planes  and  also  on  the  CuO  chain. 

4.  Discussion 

From  Fig.  1  it  is  found  that  the  spectral  shape  of  the  satellite  of  Cu  2p-XPS  is  different  between  the  calculated 
and  experimental  results.  As  shown  by  van  der  Laan  et  the  satellite  structure  of  Cu  2p-XPS  for  CuCb  b 

explained  by  the  atomic  multiplet  structure  of  the  Cu  2p^3(i®  final  state.  However,  the  observed  spectral  shape  of  the 
satellite  for  La2Cu04  is  considerably  different  from  that  for  Cua2.  This  suggests  that  the  solid-state  effect  is  also 
important  in  determining  the  satellite  structure.  In  order  to  study  how  the  interplay  between  the  atomic  multiplet 
coupling  and  the  solid-state  hybridization  affects  the  spectral  shape  of  Cu  2p-XPS,  we  incorporate  in  our  Hamiltonian 


Photon  Energy  (eV) 


Fig.  2  Polarization  dependence  of  Cu  2p-XAS  in 
YBajCuaOa.s  calculated  by  taking  account  of 
two  inequivalent  Cu  sites. 
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Fig.  3  Cu  2p-XPS  for  La2Cu04  calculated  by 
taking  account  of  the  multiple t  coupling  effect, 
of  the  satellite  spectral  shape  i.e.,  the  rectangle  like  shape  for  LajCuO^  and  CuO,  a  triangle  like  shape  for  CuF2, 
and  the  atomic  multiplet  like  shape  (which  has  large  spectral  weight  on  the  low  energy  side  of  the  satellite)  for 
CuClj.  Therefore,  the  interplay  between  the  atomic  multiplet  coupling  and  the  solid-state  hybridization  is  essentially 
important  in  determining  the  spectral  shape  of  Cu  2p*XPS.  According  to  our  preliminary  calculation^^ on  the  other 
hand,  the  effect  of  the  multiplet  coupling  does  not  change  very  much  the  spectral  shape  of  Cu  2p-XES  shown  in 
Fig.l.  Furthermore,  the  effect  of  the  multiplet  coupling  does  not  affect  the  Cu  2p-XAS  of  La3Cu04  because  of  the 
Zd}^  final  state,  and  even  for  the  doped  system  the  effect  is  very  small  because  the  final  state  is  mainly  in  the  Zd^^L 
configuration. 

On  the  satellite  of  Cu  2p-XAS  in  the  Y-Ba-Cu-O  system,  Zaanen  et  have  recently  given  an  interpretation 
that  it  comes  from  the  Cu(l)  site,  consistently  with  our  interpretation,  on  the  basis  of  the  energy  band  calculation.  In 
our  calculation,  however,  it  originates  from  a  well  localized  state  around  the  Cu(l)  site  because  of  the  cluster  model, 
but  Zaanen  et  aL  ascribe  it  to  the  van  Hove  singularity  in  the  Cu(l)-0  chain  band. 

Finally,  Bianconi  ei  have  recently  made  systematic  measurements  of  the  polarized  Cu  2p-XAS  for  various 

Bi-Ca-Sr-Cu-0  samples  with  different  Tc*  They  observed  a  considerable  absorption  intensity  for  5||c,  in  addition 
to  that  for  5  ±  c,  in  the  energy  region  of  the  white  line.  Furthermore,  the  relative  intensity  of  the  e||c  absorption 
peak  increases  with  increasing  r<.,  and  the  energy  splitting  between  ff||c  and  e  ±  c  absorption  peaks  decreases  with 
increasing  Tc.  Within  the  impurity  Anderson  model  with  the  symmetry,  as  discussed  in  the  present  paper,  this 
absorption  for  £||c  cannot  be  explained.  In  order  to  analyze  this  result  it  will  be  necessary  to  extend  the  model  so  as 
to  include  the  effect  of  a  possible  rhombic  distortion*^^  and  the  effect  of  the  translational  symmetry. 

I  would  like  to  thank  Dr.  K.  Okada,  Dr.  H.  Katayama-Yoshida,  Mr.  S.  Tanaka,  Mr.  Y.  Seino  and  Prof.  A.  Bianconi 
for  their  collaboration  and  discussion. 
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It  is  shown  that  the  actual  carrier  content  of  oxide  superconductors  may 
be  different  from  the  nominal  one  due  to  self-doping.  The  Madelung  po¬ 
tential  plays  an  essential  role  in  such  a  doping  mechanism.  This  mecha¬ 
nism  is  important  for  the  YBCO  system  with  small  oxygen  content  (<6.5) 
and  for  multi-layered  Tl-compounds. 


1.  Introduction 

The  number  of  carriers  in  oxide  superconductors  is  determined  by  oxygen  content 
and  composition  of  metal  elements.  Consider,  e.  g.,  a  compound  AxByCuzOg,  where 
nominal  valences  of  the  elements  are  A2+,  B3+,  Cu2+  and  O^-.  Then  the  number  p 
definded  by 

2x+3y+2z-25=-p  (I) 

may  be  called  the  hole  content  per  unit  formula  of  the  compound.  When  p  is 
negative,  the  carriers  may  be  electrons.  In  some  cases,  however,  the  actual  carrier 
content  (including  its  sign)  may  be  different  from  p.  This  is  due  to  self-doping  of 
carriers,  which  we  will  discuss  in  some  detail  in  this  report.  Self-doping  is  defined  by 
charge  transfer  between  nominal  valence  states,  e.  g.,  A2+Cu2+  '»A3+  Cu+.  In  treating 
such  a  self-doping,  we  will  take  a  standpoint  of  the  ionic -crystal  model,  and  consider 
the  sum  of  the  Madelung  energy  and  the  energies  of  the  isolated  ions  as  the  first 
approximation  for  the  energy  of  the  compound.  We  will  see  that,  in  some  cases,  the 
smallest  energy  is  attained  for  a  valence  assignment  where  self-doping  took  place. 
There  are  two  important  cases  of  self-doping  in  high-Tc  oxide  superconductors.  One 
is  the  YBCO  system  and  the  other  multi-layered  Tl-compounds. 

2.  YBCO  system 

Tokura  et  al  [1]  measured  Tc’s  of  many  compounds  of  formula  (Y,Ca)Ba2Cu305  and 
Y(Ba,La)2Cu305  and  obtained  a  phase  diagram  in  a  p-5  plane,  where  the  supercon¬ 
ducting  and  semiconducting  regions  are  divided  by  a  straight  line  (Fig.  1).  An  over¬ 
all  feature  of  the  diagram  can  be  explained  in  terms  of  the  Madelung  potential.  When 
5  is  close  to  7,  the  oxygen  sites  in  the  chain  are  almost  completely  filled  by  02-  ions. 
Then  the  Madelung  potential  for  the  hole  will  be  very  low  at  the  chain  sites. 
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Fig.  1  Superconducting  and 
insulating  regions  are 
separated  by  a  straight 
line  in  the  p-8  plane 
(from  ref.  [1]). 


-0.1  0.0  0.1  0.2  0.3  0.4 

p/3 

and  all  the  holes  will  occupy  them.  We  then  have  semiconductors.  When  the  number 
of  holes  is  increased,  the  hole  potential  of  the  chain  will  be  raised  due  to  the 
repulsive  potential  from  the  holes  introduced  into  the  chain.  As  the  number  of  holes 
is  increased  further,  some  holes  will  occupy  plane  sites.  We  then  have  supercon¬ 
ductors.  For  smaller  5  the  attractive  potential  from  the  ions  will  be  smaller  at  the 
chain  sites,  and  will  be  overcome  by  the  repulsive  potential  from  the  holes  in  the 
chain  at  a  smaller  hole  content.  We  have  shown  that  this  idea  explains  the  diagram 
semiquantitatively[2]. 

For  5<6.5  the  diagram  shows  that  the  superconducting  region  extends  up  to  where 
p  is  negative.  We  will  study  a  few  cases  in  this  region. 

2.1  Yo.5Cao.5Ba2Cu3O6.25 

This  compound  is  denoted  by  "A"  in  Fig.  1.  In  this  compound  only  one  quarter  of 
the  oxygen  sites  in  the  chain  is  occupied  by  ions.  Many  groups  studied  oxygen 
ordering  in  these  compounds[3]  and  reported  that  one  quarter  of  the  chains  is 
completely  filled  by  O^'  ions  and  the  others  are  empty,  so  that  the  superstructure  is 
4ao*bo-  Assuming  that  oxygen  ions  order  in  this  way  and  the  Y  sites  are  occupied 
randomly  by  Y^+  and  Ca2+  ions,  we  obtain  the  Madelung  potential  for  the  electron  at 
each  Cu  site  as  shown  in  Fig.  2.  We  see  that  the  potentials  at  the  Cu  sites  in  the  empty 
chain  are  very  low.  This  is  because  these  sites  are  coordinated  only  by  two  oxygen 
ions.  Such  a  low  potential  indicates  that  the  nominal  valence  assignment  is  unstable 
and  these  Cu  ions  will  attract  electrons  from  other  ions,  thus  giving  rise  to  self-  ^ 
(k^ing.  The  doped  holes  may  occupy  Cu  sites  or  O  sites.  The  ionic-crystal  model  gives 
almost  the  same  energy  for  the  hole  in  the  Cu  site  in  the  plane  and  in  the  0  site  in 
the  plane.  It  is  difficult  to  give  a  deOnite  answer  to  whether  the  hole  prefer  a  Cu  site 
or  an  O  site  based  on  the  ionic-crystal  model,  so  we  here  assume  that  the  holes 
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Fig.  2  Crystal  structure  of 
Yo.5Cao.5Ba2Cu3O6.25- 

An  oxygen  ordering  is 
assumed  in  the  chain 
sites.  The  number  indi¬ 
cates  the  Madelung 
potential  for  the  elec¬ 
tron  at  each  site. 


occupy  O  sites.  We  have  found  that  the  lowest  energy  is  attained  when  all  the  Cu  ions 
in  the  empty  chains  are  Cu+,  all  the  O  ions  in  the  chains  are  O"  and  there  are  two 
holes  somewhere  in  the  plane  in  the  unit  cell  of  Fig,  2.  Since  all  the  chains  have  the 
same  total  charge  in  this  valence  assignment,  the  potential  for  ,  the  hole  in  the  plane 'is 
rather  flat.  Thus  we  conclude  that  the  hole  number  of  this  compound  is  0.25  per  Cu  . 
in  the  plane,  even  though  the  nominal  hole  number  is  zero.  > 

2.2  YBa2Cu306.25  .  :  . 

This  compound  is  marked  by  "C"  in  Fig.  1.  The  oxygen  ions  in  the  chain  sites  are  , 
assumed  to  order  as  in  2.1.  The  lowest  energy  is  attained  when  the  Cu  ions  .in  the 
empty  chains  are  Cu+  and  the  O  ions  in  the  chain  are  0*.  There  is  no  hole  .in  .  the  plane. 
Thus  this  compound  should  be  semiconducting.  For  the  compounds  on  the  line 
between  "A"  and  "C"  holes  enter  plane  sites.  For  example,  for  the  compound  "B"  there 
is  one  hole  in  a  plane  site  in  the  unit  cell  of  Fig.  2. 

2.3  Y|c^Ba2Cu306| 

This  compound  is  marked  by  "E>"  in  Fig.  1  and  has  a  nominal  hole  number  p=6,  but 
shows  self-doping.  We  assume  an  oxygen  ordering  where  there  is  one  chain  filled  by 
oxygen  ions  for  every  three  chains.  Again  at  the  empty  chains  the  Madelung 
potential  is  very  low,  and  the  lowest  energy  is  attained  when  the  Cu  in  these  chains 
are  Cu+,  The  compensating  holes  may  enter  plane  sites  as  well  as  chain  sites.  Since 
the  energy  difference  is  small,  it  is  difficult  to  determine  how  many  holes  enter  the 
plane  sites.  When  ail  the  holes  enter  the  plane  sites,  the  hole  number  per  Cu  ini  the 
plane  is  0,33,  but  will  actually  be  smaller. 

.  t:; 

2.4  YBa2Cu3Ge|  - 
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This  is  denoted  by  "E"  in  Fig.  1  and  has  p=-l/3.  If  the  same  oxygen  ordering  as  in 

2.3  is  assumed,  the  lowest  energy  is  attained  when  all  the  Cu’s  in  the  empty  chains 

are  Cu''’,  half  of  the  oxygen  ions  in  the  chain  is  O*  and  there  are  1/12  holes  per  Cu  in 

the  plane.  This  number  is  determined  from  neutrality  condition.  Thus  this  compound 

should  be  a  hole  superconductor,  even  though  the  nominal  carriers  are  electrons. 
These  electrons  are  trapped  by  Cu^"^  ions  in  the  empty  chains.  Furthermore  a  self¬ 
doping  takes  place,  giving  rise  to  the  holes  in  the  plane. 

2.5  YBa2Cu306.5  "P" 

This  has  a  nominal  hole  content  p=0.  It  is  reported  that  in  the  chain  sites  chains 
filled  by  02-  ions  and  empty  chains  alternate[3].  In  the  lowest  energy  configuration 
all  the  Cu's  in  the  empty  chains  are  Cu+  and  half  of  the  oxygen  ions  in  the  chain  sites 
is  0-.  There  are  1/8  holes  per  Cu  in  the  plane  from  neutrality  condition. 

Recently  Nakazawa  and  Ishikawa[4]  observed  that  well-annealed  samples  of 
YBa2Cu30s  show  superconductivity  for  5  as  small  as~6.2.  This  result  is  explained  by 
the  self-doping.  When  oxygen  ions  are  randomly  distributed  in  the  chain,  there  will 
be  only  a  small  number  of  "isolated"  Cu  ions  in  the  chain.  By  "isolated"  Cu  ions  I  mean 
those  with  only  two  nearest  neighbouring  oxygen  ions  in  the  apical  positions.  The 
Madelung  potential  for  other  Cu  ions  surrounded  by  more  than  two  oxygen  ions  will 
not  be  low,  so  that  self-doping  will  not  take  place.  When  oxygen  ions  are  ordered  by 
annealing  as  in  2.1,  2.3  or  2.5,  a  substantial  fraction  of  the  Cu  ions  in  the  chain  are 
isolated,  so  that  self-doping  will  take  place.  We  have  seen  that  superconductivity 
should  occur  for  8  down  to  6.25.  The  question  why  oxygen  ions  order  in  the  way 
mentioned  above  will  be  discussed  in  another  place. 

3.  Tl2Ba2Can.lCun02n+4 

These  compounds  have  nominal  hole  content  p=0,  if  the  nominal  valence  of  T1  is 
assumed  to  be  +3.  Since  these  are  high-Tc  superconductors,  a  question  arises  where 
the  carriers  come  from.  This  question  has  been  answered  in  terms  of  the  self-doping 
[5].  As  we  have  shown  the  Madelung  potential  in  the  TIO  planes  is  very  low  compar¬ 
ed  with  those  of  the  Cu02  planes  for  the  nominal  valence  assignment.  Then  some 
electrons  are  transfered  from  the  Cu02  planes  to  the  TIO  planes,  thus  creating  holes 
in  the  plane.  The  same  doping  mechanism  has  also  been  proposed  by  Shono[6]. 
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Starting  with  the  ionic  crystal  model,  the  Madelung  energy  and  hole  distribution  are  calculated  in  var¬ 
ious  Cu-oxides.  The  distribution  and  several  electronic  properties  emerged  in  the  model  are  examined 
in  the  cluster  model  approach. 


1.  Introduction 

There  are  several  common  features  in  all  Cu-oxides  superconductors:  (i)  They  have  Cu02  plane  as  a  structural 
unit,  (ii)  The  parent  compounds  of  the  superconductors  such  as  La2Cu04  and  YBa2Cu306  are  insulators  and  may  be 
considered  as  ionic  crystals  because  of  the  strong  electron  correlation,  (iii)  Hole-doping  on  the  plane  brings  about  the 
superconductivity.  It  is  well-known  that  the  hole  concentration  on  the  plane  is  a  crucial  parameter  to  determine  the 
superconducting  transition  temperature  Tc  in  the  oxides.  We  note,  however,  that  although  the  optimum  concentration 
of  holes  is  almost  unique  (p  ci  0.15  —  0.2)  [1]  in  all  the  hole-doped  superconductors,  the  value  of  Tc  is  strongly  dependent 
on  materials. 

Here,  starting  with  the  ionic  crystal  model,  we  first  calculate  the  Madelung  energy  in  the  compounds  and  examine 
hole  distribution.  We  will  find  that,  in  addition  to  the  hole  concentration  on  the  plane,  the  difference  in  the  Madelung 
potential  between  oxygens  in  the  apical  site  and  those  on  the  plane  determines  Tc  [2].  In  the  light  of  the  calculation,  we 
propose  several  possible  high-Tc  superconductors  [2,3]. 

The  cluster  model  calculation  has  been  used  to  study  the  electronic  states  in  the  oxides.  The  advantage  of  this 
model  is  that  the  strong  electron  correlation  on  Cu  sites  and  the  charge  transfer  between  Cu  and  O  ions  are  taken  into 
account  on  the  equal  footing  [4].  We  examine  the  electronic  states  in  the  cluster  model  and  discuss  a  criterion  of  high-Tc 
superconductivity  in  the  oxides  [5]. 

In  Sec,  2,  we  study  the  Madelung  energy  in  the  ionic  crystal  model  [2,3].  In  Sec.  3,  we  calculate  the  electronic  states 
in  the  cluster  model  [5],  Conclusion  is  given  in  Sec.  4. 


2.  Ionic  crystal  model  [2,3] 

The  total  electronic  energy  of  an  ionic  crystal  may  be  written  as  a  function  of  the  charge  distribution  {Qj}  among 
the  ions  under  the  charge  neutrality  constraint  Qj=0  as 

E{{Qi})  =  EA{Qi})  +  EM({Qi}l  (1) 

Qi 

i  q  =  l 

EMi{Qi})  =  J2’^iQiQj,  (3) 

*■>> 

where  the  i  and  j  summations  run  over  all  the  ions  in  the  unit  cell.  Here,  £'^({Q,})  represents  the  atomic  energy 
coming  from  the  ionization  energy  (electron  affinity)  associated  with  removing  (adding)  electrons  from  (to)  the  isolated 
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Fig.  1.  The  vs  AVa  correlation  in  hole- 
superconductors.  All  the  representative  com¬ 
pounds  (labelled  A-0  as  below)  are  collected. 
Madelung  potentials  are  evnbinted  for  the  fol¬ 
lowing  parent  compounds  nres  assigned 
are  shown  in  parentheses):  A;  I  l2Ba2Cu06, 
B:  Tl2Ba2CaCu208,  C:  Tl2Ba2Ca2CH;iOiOi  D: 
TlBa2(Ca-Y)Cu207  (Ca-Y=3+),  E:  Tlil;.,(Ca- 
Y)2Cu309  (Ca-Y=2.5+).  F:  BbSiwCaGujO^, 
G:  BbSrsCaoCiisOio  (fn-ni  ref.  i2),  H:  YBa, 
CuaOe.s  (orthorhombic),  I: .YBa2Cu306.5  (tet¬ 
ragonal),  J:  YBa2Cii408  (0  in  Cu-0  chain  = 
1.5-),  K:  Pb2Sr2YCu308  (linearly  coordinated 
Cu  =  ld“),  L:  La2Cu04,  M:  (Ndi_x-j/Srj;Cey)2 
Cu04  (M  =  2.8-h  and  M'  =  3.2+),  N:  La.Ca 
CU2O6  (2a-site  =  2-1-  and  4e-site  =  3+),  and 
0:  La2SrCu206  (2a-site  =  2.5-b,  and  4e-site 
=  2.75-h).  TlBa^CuOs  and  Bi2Sr2Cu06,  which 
show  low  Tc ’s  due  to  overdoping  [12],  are  ex¬ 
cluded. 


r.tonis,  where  5,(7)  denotes  either  the  g-th  ionization  energy  Ii{q)  for  cations  or  the  g-th  electron  affinity  Ai{q)  for  anions. 

is  the  Madelung  energy  gained  by  condensing  the  resultant  ions  to  the  crystal.  The  coefficient  c,j  is  a  function 
of  the  crystal  structure  and  is  calculated  by  the  Ewald  method.  The  potential  of  the  i-site  for  a  hole  (i.e.,  the  energy 
required  to  bring  a  hole  from  infinity  to  the  i-site)  may  be  written  as 

(4) 

(5) 

(6) 


M 


F,  =  P''  -(-  Pi 


The  equilibrium  charge  distribution  is  determined  by  minimizing  the  total  energy  F({(3i})  with  respect  to  {Qi}- 

2-1.  Correlation  between  Tc  and  the  Madelung  potential  [2]  .  .  . 

Let  us  introduce  a  hole  on  the  Cu02  plane.  Recent  experiments  indicate  that  a  hole  sits  on  0  and  not  on  Cu  in 
the  plarie.  We  have  calculated  the  Madelung  potential  (eq.{6))  of  the  apical  oxygen  (0(A))  relative  to  that  of  the  Cu02 

plane  (0(P)),  A Vai  various  parent  compounds. 

In  Fig.  1,  the  optimum  T.:  is  plotted  as  a  function  of  the  difference  in  the  Madelung  potential,  AVx.  As  seen  in 
the  Figure,  all  the  compounds  are  located  in  a  shaded  area  exhibiting  a  characteristic  curve.  We  find  the  followings  in 
Fig.  L  (i)  Compounds  with  larger  AI4  have  higher  T,.  (ii)  %  appears  at  AV^  =  "2  eV  and  increases  rapidly  with 
increasing  .ALx.  (hi)  The  curve  tends  to  have  a  smaller  gradient  for  larger  AV),.'  We  may  conclude  that  Tc  m  hole-doped 
suoerconductors  is  controlled  by  the  energy  level  of  0(A)  relative  to  that  of  0(P).  We  note  here  that  T,’s  in  Fig.  1  are 
those  IP.  the  compounds  with  optimum  hole  concentration  (p  c.  0.15-0.2)  [I].  Therefore,  T.’s  may  be  considered  to  have 
Uvo  independent  parameters,  p  and  A Va. 

It  has  been  observed  in  YBa2Cu403  that  major  effect  of  pressure  is  to  bring  0(A)  close  to  Cu02  plane  [6].  This 
distortion  of  0(A)  causes  the  decrease  of  the  hole  potential  on  Cu02  plane  but  not  0(A).  It  follows  the  increase  of 
AI/4  In  YBajCu^Os.  a  measured  distortion  of  the  bond  length  of  Cu-O(A),  is  given  by  dlnd„/<iF  -2.5  %/GPa. 
Since  we  have  dAK^./dlnd^  =  -14.7  eV  in  the  ionic  crystal  model  and  dTc|d^VA  ^  10  K/eV  in  Fig.  1,  we  obtain 
dTJdP  ~  4  K/GPa.  This  value  agrees  with  the  experimental  one,  5.5  K/GPa  [6]. 
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Fig.  2.  Schematic  representation  of  the 
structures  of  the  layered  compounds  (a) 
Pb2Sr2>lCu30s+^  and  (b)  ABa2Cu306+5. 
Note  that  the  charge  n  s^rvoirs  consist  of 
the  PbO-CuO^-PbO  bl(H  I  iti  (a)  and  the 
BaO-CuOtf-BaO  block  in  (I-).  In  (a)  the 
SrO  layer  separates  the  Cu02  planes  from 
the  charge  reservoir. 


The  Tc  vs,  AVa  curve  in  Fig.  1  indicates  the  existence  of  a  threshold  in  AV^C-  “2  eV),  which  separates  supercon¬ 
ducting  compounds  from  metallic  but  not  superconducting  ones.  Since  AV^  increases  with  pressure,  the  latter  class  of 
compounds  such  as  La2SrCu206  will  become  superconducting  if  high  pressure  of  a  few  GPa  is  applied.  The  negative 
AVa  in  La2SrCu206  has  also  been  pointed  out  by  Kondo  ei  a/. [8],  • 

Compounds  with  no  apical  oxygens  such  as  Nd2Cu04  [9]  may  be  regarded  as  the  systems  with  ^  oo.  Thus, 

we  expect  that,  if  these  compounds  could  be  doped  with  holes  rather  than  electrons,  they  should  be  superconductors 
with  high  Tc  of  over  100  K-class. 

We  will  discuss  the  correlation  between  Tc  and  AVU  through  the  calculation  of  the  electronic  states  in  Sec.  3. 

2-2.  Possible  new  superconducting  phases  in  Pb25r2  Vi-xCajpCus Os+i  [3] 

Cava  ei  al.  [10]  have  discovered  a  family  of  high  Tc  superconductors  with  formula  Pb2Sr2  4Cu308+6  (/i  =  a  mixture 
of  lanthanide  and  alkaline  earth  elements).  Here,  we  would  like  to  propose  possible  new  superconducting  phases  in  this 
family. 

The  family  has  the  following  interesting  properties:  (i)  wide  range  of  oxygen  stoichiometry,  (ii)  capability  of  substi¬ 
tution  by  various  elements,  and  (iii)  unusual  electronic  configuration,  i.e.,  the  average  Cu  valence  is  less  than  2+  unlike 
the  other  known  superconductors  which  always  have  the  valence  greater  than  2+. 

This  family  of  compounds  also  exhibits  a  structural  similarity  to  i4Ba2Cu306+5.  As  seen  in  Fig.  2,  both  families  have 
(i)  a  pair  of  Cu02  layers  separated  by  an  O-free  A  layer  and  (ii)  an  0-deficient  Cu  layer  which  absorbs/releases  O  atoms. 
The  structures  may  be  divided  into  the  building  blocks:  the  Cu02  planes  and  a  PbO-CuO^-PbO  or  BaO-CuO^-BaO 
block  involving  the  0-deficient  Cu  layer  which  supplies  (or  absorbs)  holes  to  (or  from)  the  Cu02  planes.  We  call  the 
latter  block  the  charge  reservoir.  In  Pb2Sr2ACu308+6,  a  SrO  layer  separates  the  Cu02  planes  from  the  charge  reservoir. 
Non-equivalent  Cu  and  O  atoms  in  the  unit  cell  are  denoted  by  symbols,  Cu(P),  0(R),  •  •  •  ,  in  Fig.  2. 

To  examine  the  charge  distributions  in  Pb2Sr2Yi-xCaxCu308+i,  we  focus  on  excess  x  +  26-1  carriers  per  formula 
unit,  which  are  either  holes  or  electrons  depending  on  whether  the  sign  is  positive  or  negative.  Observed  small  orthorhom¬ 
bic  and  superstructural  distortions  of  the  crystal  are  neglected.  We  assume  the  followings:  (i)  Pb  is  maintained  in  a  2+ 
valence  state  because  a  possible  4-1-  state  is  estimated  from  the  atomic  ionization  energies  to  be  much  higher  in  energy  (by 
70.9  eV)  than  the  2-1-  state,  (ii)  The  average  valence  state  of  Cu  is  between  1+  and  3-h.  Finally,  we  impose  the  following 
criterion  on  the  state  of  the  system:  if  the  Cu02  plane  has  p  holes  per  unit  Cu02  with  0.05  <  p  <  0.32  [lill],  then  the 
compound  is  superconducting,  and  otherwise  it  is  insulating  (0  <  p  <  0.05)  or  normal  metallic  (p  >  0.32).  Values  of 
the  ionization  energies  of  Cu  and  electron  affinity  of  0  are:  /cu(2)  =  20.3  eV,  /cu(3)  =  36.8  eV  and  i4o(2)  =  -8.1  eV. 
Ambiguity  of  the  value  of  the  electron  affinity  of  0  makes  it  difficult  to  determine  whether  holes  sit  on  Cu  or  O  in  the 
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Fig.  3.  Average  valencies  of  Cu(P)  in  (a)  and  Cu(R)  in  (b)  for  Pb^SriYi-^CaxCusOa+i.  The  shaded  area  represents 
the  superconducting  regions. 


Cu02  planes.  Here,  we  assume  that  holes  sit  on  Cu  sites  in  the  plane.  However,  we  can  show  that  the  qualitative  results 
do  not  depend  on  this  assumption. 

Figure  3  shows  the  calculated  results  for  the  average  valency  of  the  Cu  ions,  which  are  obtained  by  assuming  that 
the  0  ions  are  all  in  the  2-  state.  We  find  the  following  characteristics  with  increasing  5:  (i)  The  compound  is  insulating 
near  a:  =  6  =  0  since  there  are  no  carriers  on  the  Cu02  planes,  (ii)  In  the  region  with  0.1  <  2<§  4*  z  <  0.64  the  system 
is  superconducting  because  an  appropriate  number  of  holes  are  in  the  Cu02  planes.  This  is  consistent  with  experiment 
[10].  (iii)  The  system  becomes  normal  metallic  for  0.32  <  ^;$0.4  because  there  are  too  many  holes  in  the  Cu02  planes, 
(iv)  Around  0.4  <6  <0.5  the  valence  state  of  Cu  in  the  reservoir  changes  by  absorbing  holes  from  the  Cu02  planes,  (v) 
As  a  result,  the  number  of  holes  in  the  Cu02  planes  reduces  to  become  appropriate  for  the  superconductivity.  We  thus 
have  the  second  superconducting  region  around  6  0.7.  (vi)  For  0.7 <6,^ 0.9  the  valence  state  of  Cu  in  the  reservoir  is 

maintained  to  be  2+,  and  the  number  of  holes  on  the  Cu02  planes  is  again  larger  than  0.32  and  the  system  is  normal 
metallic,  (vii)  Following  the  change  from  Cu(R)2+  to  Cu(R)"+  for  0.0  <^  <  1.6,  holes  are  again  absorbed  by  the  reservoir. 
We  may  therefore  have  the  third  superconducting  region  for  1.2  <^<1.3  although  it  is  rather  small. 

These  results  in  Pb2Sr2Yi^:,Ca*Cu308+5  are  in  strong  contrast  with  those  in  YBa2Cu306+5.  In  the  latter  com¬ 
pounds,  holes  introduced  by  the  oxidation  are  first  captured  by  the  charge  reservoir.  Then,  at  the  stoichiometry  of  <5  =  0.5 
in  the  case  where  oxygens  are  at  random  in  the  reservoir  [8],  holes  start  overflowing  into  the  Cu02  planes,  leading  to  the 
eniprgence  of  superconductivity. 
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Fig.  4.  CU2O11  cluster  used  in  the 
ter  model  calculation.  The  ratio  jr 
taken  to  be  1.275. 


Fig.  5.  The  low  energy  eigenvalues  of 
Cu20u  cluster  with  three  holes  as  func¬ 
tions  of  A^4  —  Ap.  The  solid  and  dashed 
lines  denote  the  states  with  5*  =  1/2 
(doublet)  and  S2  —  3/2  (c^uartet),  respec¬ 
tively. 


-2  -1  0  1  2 
A^-Ap  (eV) 

3.  Electronic  states  in  the  cluster  model  [5] 

In  the  previous  section,  we  have  assumed  the  compound  to  be  essentially  ionic  crystals.  In  this  section,  we  examine 
the  role  of  covalency  in  the  cluster  model,  where  the  Madelung  energy  may  be  absorbed  into  the  energy  level  of  each 
atom. 

Let  us  consider  the  coupled  clusters  given  in  Fig.  4  in  connection  to  La2Cu04.  In  the  calculation,  we  take  the 
Cu-3d  orbitals  with  ~  y^)  and  (3z^  —  r^)  symmetries  and  the  0-2p  orbitals  which  cause  tr-bonds  \yith  Cu-3d  orbitals. 
We  define  the  parameters  Ap  and  A^  for  the  energies  of  O’s  in  the  plane  and  the  apical  sites,  respectively,  as  Ap  = 
^2p(F)  ~  -  y^)  and  A^t  =  €2p(A)  —  where  e2p(P)  and  e2p(A)  are  the  energies  of  a  hole  on  2p  orbitals 

in  the  plane  and  the  apical  site,  respectively,  and  -  y-)  is  the  energy  of  a  hole  on  Cu-3d  orbital  with  (x-  -  y-) 

symmetry.  The  value  A^  -  Ap  and  the  Madelung  energy  AVa  given  in  the  previous  section  do  not  exactly  agree  with 
each  other.  This  is  because  covalency  reduces  the  formal  valence  of  each  atom,  which  has  been  used  to  calculate  AV'4  in 
the  ionic  model.  Nevertheless,  we  assume  that  A^  -  Ap  is  proportional  to  AV^. 

In  Fig.  5,  low  energy  eigenvalues  of  the  cluster  with  three  holes  are  shown  as  functions  of  A^  —  Ap.  The  solid  and 
dashed  curves  denote  the  states  with  5,  =  1/2  (doublet)  and  =  3/2  (quartet),  respectively.  In  Table  1,  the  hole 
population  on  each  atom  for  several  values  of  A^  —  Ap  is  also  listed.  When  Ax  —  Ap  is  much  larger  than  —2  eV,  the 
ground  and  first  excited  states  aie  described  as  the  bonding  and  anti-bonding  states  of  the  local  singlet,  respectively. 
With  decreasing  Ax  -  Ap,  the  local  triplet  mixes  and  the  stability  of  the  local  singlet  decreases.  At  Ax  ~  Ap  %  -2.1  eV, 
the  ground  and  first  excited  states  cross  each  other.  Therefore,  assuming  that  Ax  -  Ap  is  proportional  to  AVx,  we  may 
consider  that  is  related  with  how  the  local  singlet  is  stable. 
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T  ble  III  Hole  population  on  each  atom  in  the  Cu^O,,  cluster  with  three  holes  as  a  function  of  A,^  -  Ap 
Irresponcls  to  Cu,Or  cluster,  g.s.  denotes  the  ground  state,  and  1st  and  2nd  denote  the  first  and  second 
respectively.  0(1)  is  the  central  oxygen  and  0(A)  is  the  apical  oxygen. 


Aa--Ap  =  oo 
excited  states, 


—  Ap 

state 

Cu 

Cu 

0(1) 

0(A) 

(eV) 

(symmetry) 

(x’  - 

(3r=  -  r^) 

g-s.(^A,) 

0.803 

0.011 

0.362 

— 

CO 

1st  (^Biu) 

0.755 

0.085 

0.244 

— 

2nd  (2Bi„) 

0.530 

0.365 

0.317 

— 

g.s.(^A,) 

0.795 

0.019 

0.369 

0.001 

2.0 

1st  CBxu) 

0.638 

0.224 

0.315 

0.008 

g.S.(M3) 

0.501 

0.396 

0.338 

0.010 

g-S.(Mj) 

0.786 

0.029 

0.373 

0.005 

0.0 

1st  (*Bi„) 

0.584 

0.272 

0.339 

0.033 

2nd  (^Aj) 

0.543 

0.335 

0.321 

0.032 

g-s-C^A,) 

0.680 

0.103 

0.306 

0.108 

-2.0 

1st  CBxu) 

0.634 

0.137 

0.269 

0.151 

2nd  (M,) 

0.624 

0:169 

0.185 

0.163 

4.  Conclusion 

starting  with  the  ionic  crystal  model,  we  examined  the  Madelung  potential  and  hole.distribution  in  various  Cu-oxides 
compounds.  We  found  that  in  addition  to  the  hole  concentration  on  the  plane,  the  Madelung  potential  on  the  apical 
oxygen  relative  to  that  in  the  CuO,  plane,  AVx,  in  the  parent  compounds  is  a  crucial  parameter  for  T,.  Through  the 
calculation  of  the  potential,  we  proposed  several  high-T.  compounds  including  new  phases  of  Pb,Sr,Yr_.Ca.Cu3(ls+.. 
For  the  superconductivity,  there  exists  a  threshold  value  of  AK.  (-  -2  eV).  The  calculation  of  the  electronic  states  m 
the  cluster  model  suggests  that  is  related  with  how  the  local  singlet  is  stable.  More  detailed  study  of  the  electionic 

states  is  in  progress. 
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Tunneling  spectra  of  Ba^K^  studied  on  the  basis  of  the 

strong  coupling  theory  of  phonon  mechanism  for  superconductivity.  By  using 

the  electron-lattice  coupling,  which  is  calculated  microscopically  by  the 

use  of  the  realistic  electronic  band  structure  and  the  renormalized  phonons, 

we  have  calculated  the  spectral  function  a  F(co).  The  gap  function  A  (s  )  is 

obtained  by  solving  the  Eliashberg  equation  at  T=0  K.  The  superconducting 

energy  gap  Aq  is  evaluated  to  be  4.8  meV  for  x=0.7  and  1.0  meV  for  x=0 . 5 . 

Spectra  of  differential  c'6nducta;nce  dl/dV  and  its  derivative  d^l/dV^  show 

significant  deviations  from  those  predicted  by  the  BCS  weak  coupling  theory. 

2  2 

The  value  of  A q  and  the  line  shapes  of  dl/dV  and  d  I/dV  are  in  good  agree¬ 
ment  with  the  recent  observations. 

§1 .  Introduction 

Oxide  superconductor  Ba^K^  with  a  cubic  . perovskite-type  structure 

has  been  found  to  have  the  highest  transition  .  temperature  (T  ^  2.8  K  at  x=0.7)  among 

1 -31  c  • 

the  Cu~free  superconductors.  Since , BKB  . contains  no-  transition-metal,  element,  the 

magnetic  mechanism  may  not  be  expected  for  the  superconductivity  in  BKB.  In.,  fact  any 

magnetic  oder  has  not  been  observed  in  BKB  by  the  u-on  spin  rotation  exper iments^^ ^ 

and  the  magnetic  susceptibility  in  the  normal  state  in  BKB  shows  a  Pauli  paramagnetic 

behavior . ^ ^ ^ 

We  have  intensively  -made  microscopic  study  on  the  electron-lattice  interaction 

and  the  lattice  dynamics  of  BKB  and  its  related  compound  BaPb.  ^Bi  0^  by  using  the 

7-1 1  )  i  -X  X 

realistic  electronic  bands  of  BaBiO^ .  '  Furthremore,  we  have  evaluated  T^  by 

solving  the  linearized  Eliashberg  equation  with  use  of  the  calculated  spectral  func¬ 
tion  a  ^F(uj )  .  ^  ^  ^  ^  ^  The  magnitude  and  the  isotope  shift  of  T  calculated  by  us  are  in 

3612)  ^ 

good  agreement  with  the  experimental  data  for  BKB. '^7  ^  .  Our  microscopic  study  has 

clarified  that  the  origin  of  high-^T^  of  BKB  can  be  ascribed  .  to  the  strong  electron^ 
phonon  coupling  caused  by  vibrations  of  0  atoms  ■  tov;ard  Bi.  atoms. 

In  this'  report  tunneling  'spectra  of  BKB  are  studied  theoretically  to  clai-’ify  the 
effects  of  the  strong  electron-phonon  coupling  upon’  the  tunneling  spectra.  In  §2 
the  results  of  calculation  of  the  electron-lattice  interaction-..>and  the  lattice  :  dynam- 
ics  of  BKB  are  reviewed.  Then,  the  tunneling  spectra  are, studied  in  §3. on  the  basis 
of  the  strong  coupling  theory  for  superconductivity.  .  .  < 

§2.  Electron-Lattice  Interaction  and  Lattice  Dynamics 

13) 

According  to  the  results  of  the  self-consistent  LAPW  band  calculations  the 
conduction  band  which  acrosses  the  Fermi  level  is  ahybridized  band  consisting  of  0 


323 


,,  and  Bi  6s  orbitals.  This  conduction  band  is  well  reproduced  by  the  tight-binding 
TB)  model  with  three  Slater-Koster  transfer  integrals  between  nearest 
Bi  and  0  aton,s.  By  using  the  TB  conduction  band  we  calculate  the  electron-la 
coupling  coefficient  which  is  described  as 

^(nk,n'k')=  I  y  tA+  flj  (k,k')]y  'b,n- 

where  A(k)  represent  the  transf orn,ation  coefficients  which  diagonalize  the  transfer 
matrix  of  the  cubic  structure,  and  V(k,k')  is  written  in  terms  of  derivatives  of  the 
transfer  integrals  (t '  ) .  The  values  of  f  have  been  estimated  to  be  about  4  eV- A 

to  reproduce  the  electronic  band  gap  in  a  charge  density  wave  (CDW)  phase  of  ^6103. 
The  coupling  coefficient  ^(nk,n'k')  represents  the  strength  of  the  coupling  between 
two  conduction  band  states  nk  and  n'k*  caused  by  the  displacement  of  the  u  th  atom 
along  the  a  direction  (a=x,y,z).  It  is  found  that  ^(nk.n-k-)  has  the  remarkable 
wavevector  and  mode  dependences,  reflecting  the  nature  of  the  conduction  band.  Espe¬ 
cially  the  displacements  of  0  atoms  toward  the  neighboring  Bi  atoms  interact  with  the 
conduction  band.  Since  the  conduction  band  of  BKB  is  little  affected  by  doping  of  K 
atoms  we  adopt  hereafter  the  rigid-band  approximation  for  the  doping  effects,  i.e. 

we  assume  that  the  TB  conduction  band  is  filled  gradually  without  change  of  its  dis- 
persion  as  x  increases. 

Next  we  study  the  lattice  dynamics  of  BKB  by  taking  account  of  the  effect  of  the 
electron-lattice  interaction.  The  dynamical  matrix  is  devided  into  two  parts:  the 
generalized  electronic  susceptibility x  and  the  remaining  part  Dq .  The  Fourier  trans¬ 
form  of  X  represents  the  effective  long  range  forces  caused  by  the  electron-lattice 
interaction,  whereas  Dq  is  usually  given  by  the  Fourier  transform  of  inter-atomic 
short  range  forces.  For  Dq  we  consider  seven  kinds  of  short  range  forces^^  T  ey  are 
determined  to  fit  seven  phonon  frequencies  observed  in  BaPbQ_75Bio_2503- 

vibrations  of  Ba  or  K  atoms  are  hardly  coupled  with  the  conduction  band  states,  we 

neglect  the  difference  between  Ba  and  K  atoms  in  BKB.  It  is  found  that  the  electron- 
lattice  Interaction  causes  lowering  of  the  frequency  and  broadening  of  the  line  width 
of  the  longitudinal  (L)  0  stretching  or  breathing  mode  vibration,  which  is  originally 
located  around  60  meV.  The  frequency  renormalization  is  remarkable  especially  in  the 
wavevector  region  near  the  Brillouin  zone  boundaries.  The  wavevector  and  mode  de¬ 
pendences  of  the  phonon  renormalization  are  originated  from  the  wavevector  and  mo  e 

dependences  of  ^(nk,n’k').  It  is  noted  that  the  renormalization  becomes  remarkab  e 
as  X  increases,  reflecting  the  variation  of  the  conduction  band  states  near  the  Fermi 

level. 


53.  Superconducting  Energy  Gap  at  T = 0  K  and  Tunneling  Spectra 

Tunneling  measurement  is  one  of  powerful  methods  to  observe  directly  the  super¬ 
conducting  energy  gap.  It  can  also  provide  direct  information  about  the  electron- 
phonon  spectral  function. The  differential  conductance  dl/dV  through  the  junction 
between  a  superconductor  and  a  normal  metal  is  approximately ^ proportional  to  .  the 
electronic  density  of  states  (e )  in  the  superconducting  state: 


N  (e  ) 

s 

N(Ep') 


[e  ^  -  A  (e  )  ] 
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where  N(Ep)  denotes  the  electronic  density  of  states  at  the  Fermi  level  in  the 
normal  state,  and  A  (e  )  represents  the  energy  dependent  gap  function  at  T  =  0  K,  which 
is  determined  by  solving  the  Eliashberg  equation  for  T=0 

C  (e  )  =  -  •  Z(e  )  k 


de  ’Re 


dw  a  F((o  ) 
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1  1 
£  '  +  £  +0)  -i6  **  e  +00  -i6 
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de  ’Re 
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de  'Re 


[e '^^(e 
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(4) 


where  C (e )  is  the  electronic  self-energy  of  the  normal  state,  Z(e  )  is  called  the  mass 
renormalization  function,  and  Aq  denotes  the  superconducting  energy  gap  defined  by 
Aq=a(Aq).  The  Coulomb  interaction  is  treated  in  terms  of  an  effective  parameter  u* 

which  is  about  0.1  in  usual  metals. 

2, 


The  spectral  function  a  F(a) )  is  defined  by 


^H'-k 


(5) 


Y  0 

where  is  the  phonon  frequency  of  mode  Yi  conduction  band  energy 

and  V^(nk,n’k»)  represents  the  electron-phonon  coupling  coefficient  given  by 


vY(nk.n'k')  =l  7^  e  ^  (k'-k)  ^(nk.n'k*)  . 

UOLU 


(6) 


Here,  is  the  mass  of  the  n  th  atom,  ^^(k*— k)  denotes  the  phonon  polarization 
vector. 

Figs. 1(a)  and  2(a)  show  the  spectral  function  a^F((jo)  and  the  phonon  density  of 
states  F(a))  calculated  for  x=0.7  (BaQ^E^K^^  ^BiO^)  and  x=0.5  (Ba^  ^Kq  ^BiO^)  ,  respec- 
tively.  In  the  present  calculations  t'=4.05  eV* A"^  is  used.  It  is  ciearly  seen  that 
the  frequency  dependence  of  a^F(w)  is  entirely  different  from  that  of  F((o).  For 
smaller  value  of  x(<0.3)  a  F(a))  has  some  prominent  structures  only  in  the  frequency 
range  of  0  stretching  or  breathing  mode  around  60  raeV.  Thus  the  0  stretching  or 
breathing  mode  is  expected  to  contribute  dominantly  to  the  superconductivity  in  BKB. 
As  X  increases,  however,  some  main  peaks  in  a^F(aj)  shift  to  lower  frequency  side  and 
the  magnitude  of  a  F(aj )  increases  in  the  whole  frequency  range  up  to  60  meV  as  shown 
in  Figs.  1(a)  and  2(a),  This  drastic  change  in  a^F(to)  is  caused  by  the  frequency  re¬ 
normalization  of  the  0  stretching  or  breathing  mode. 

Once  the  spectral  function  a  F(a))  and  are  given,  C  (e  )  and  A(£)  are  calculated 
by  utilizing  eqs.(3)  and  (4)  in  a  self-consistent  manner.  In  actual  calculations  the 
value  of  u^=0*1  has  been  used.  Further  the  cut-off  energye^has  been  taken  to  be  200 
meV  and  then  A(£)  has  sufficiently  converged  in  iteration  of  several  times.  In  re¬ 
sult,  the  superconducting  energy  gap  Aq  is  found  to  be  4.8  meV  for  x=0.7  and  1.0  meV 
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24  Since  T 


The  energy  gap  obtained  for  x=0.7  is  in  good  agreement  with  the  recent 
.3  meV  determined  by  optical  measurement  for  BaQ_^KQ_^BiO^  (T^= 
has  been  evaluated  to  be  31-3  K  for  x=0.7  and  ^  ratio 


2A"7k  T  is  found  to  be  about  3.6,  which  is  accidentally  close  to  that  predicted  y 
.he  B^s'theory.  However,  the  gap  function  a{s)  exhibits  the  remarkable  energy  de¬ 
pendence^  which  is  typical  in  the  strong  coupling  superconductor,  and  such  prominent 
structures  in'A(e)  must  be  reflected  in  the  tunneling  spectra. 


B^o  Bi  O3 


F((ij )  (broken  curves),  (b)  dl/dV,  and 
(c)  d^l/dV^  calculated  for  x=0.7.  The 
broken  curves  in  (b)  and  (c)  represent 
the  BCS  results. 


B30.5K0.5Bi  O3 


Figure  2.  (a)  a^F(u)  (full  curves)  and 
F(a))  (broken  curves),  (b)  dl/dV,  and 
(c)  d^l/dV^  calculated  for  x=0.5.  The 
broken  curves  in  (b)  and  (c)  represent 
the  BCS  results. 


We  have  calculated  the  differential  conductance  dl/dV  given  by  eq.(2).  The  re¬ 
sults  for  x=0.7  and  x=0.5  are  shown  by  full  curves  in  Fig. 1(b)  and  2(b),  respective¬ 
ly.  The  broken  curves  represent  the  BCS  results  which  are  given  by 


N(E„) 


Re 


7-2 -  2,1 17^ 

(e  -  Aq] 


(7) 


Deviations  from  the  BCS  results  are  clearly  seen  in  Figs. 1(b)  and  2(b).  We  have  cal¬ 
culated  also  the  second  derivative  spectra  d^I/dV^  The  results  are  shown  in  Figs. 
1(c)  and  2(c).  In  general  d^I/dV^  gives  direct  information  about  a  F(u)),  i.e.  nega¬ 
tive  peaks' (dips)  in  d^I/dV^  correspond  to  peaks  in  a  F((o).  By  compairing  Figs. 
1(c)  and  1(a)  it  is  clear  that  our  results  show  certainly  such  correspondences.  It 
should  be  noted  here  that  the  fine  structrures  in  the  d  I/dV  spectra  are  drastically 
reduced  when  going  from  x=0.7  to  x=0.5.  This  is  due  to  a  decrease  of  the  magnitude 
of  the  gap  function  A(e)  as  x  changes  from  0.7  to  0.5. 

Recently,  tunneling  spectroscopy  measurements  with  high  resolution 


performed  on  Bsq  ^  ^^25^0 . 375®^*^3 


The  observed  curves  of  dl/dV  and 
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2  2 

d  I/dV  have  line  shapes  similar  to  those  shown  in  Fig. 1(b)  and  (c),  respectively. 
In  particular,  the  dips  in  d^I/dV^  observed  below  60  meV  show  good  correspondence  to 
the  negative  peaks  in  Fig. 1(c).  Very  recently,  tunneling  measurements  have  been 
performed  also  on  Ba^  ^Kq^BIO^  (T^=13  K)^°^  and  a  drastic  reduction  of  prominent 
structures  in  d  l/dV  spectra  has  been  observed  as  predicted  by  our  calculation. 

In  conclusion,  the  superconducting  properties  in  BKB ,  such  as  the  energy  gap  and 
the  tunneling  spectra  as  well  as  the  magnitude  and  the  isotope  shift  of  T  ,  can  be 
understood  in  the  framework  of  the  strong  coupling  theory  of  the  phonon-mediated 
pairing  mechanism. 
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This  report  contains  two  subjects.  One  is  a  theoretical  study  on  the 
electronic  state  in  the  metal-insulator  transition  region  of  the  oxide 
superconductors  using  the  d-p  mixing  model.  The  result  shows  that  a 
new  band  arises  spontaneously  inside  the  charge  transfer  gap  due  to  a 
many  body  effect,  and  develops  with  hole  doping.  The  occurrence  of 
many  unusual  properties  in  the  oxides  is  related  to  the  formation  of 
the  new  band.  The  other  subject  is  a  study  on  the  superconducting  pro¬ 
perties  of  the  layered  copper  oxides.  The  stacking  structure  of 
strongly  and  weakly  superconducting  layers  in  the  oxides  causes  a 
characteristic  fine  structure  insidfe  the  tunneling  gap  in  the  tunnel¬ 
ing  spectrum.  The  layer  structure  itself  works  as  the  strong  pinning 
centers  of  the  flux  lines,  and  plays  an  important  role  in  realizing  a 
high  critical  current. 

1.  Electronic  State  in  Oxide  Superconductors 

Since  the  discovery  of  the  high  superconductivity  in  La-Sr-Cu-0  [1],  many 
kinds  of  Cu-oxide  superconductors  have  been  found  such  as  Y-Ba-Cu-0  [2],  Bi-Sr-Ca-Cu- 
0  (3],  Tl-Ca-Ba-Cu-0  [4]  and  Nd-Ce-Cu-0  [51.  All  those  materials  have  the  layered 
structure  composed  of  Cu-0  planes.  It  is  now  widely  accepted  that  the  electronic 
states  on  this  plane  are  responsible  for  the  superconductivity.  In  those  materials, 
the  superconductivity  appears  only  in  the  intermediate  region  of  the  insulator-metal 
transition  [6].  When  a  system  becomes  too  metalic,  the  superconductivity  is  dest¬ 
royed.  This  suggests  that  the  mechanism  of  the  superconductivity  is  closely  related 
with  properties  of  electronic  states  realized  near  the  insulator-metal  transition. 

What  kind  of  the  special  properties  make  the  superconductive  state  favourable  ? 

in  recent  experiments  of  photoemission  [7,9-14],  EELS  [8J  and  optical  reflection 
and  transmission  [15-18],  the  structures  of  the  electronic  state  near  the  Fermi  level 
have  been  extensively,  studied.  The  electronic  state  near  the  Feymi  level  is  mainly 
of  the  oxygen  p-character  with  a  small  mixture  of  the  copper  d-character  [8-12]. 

There  is,  a  strong  intra-atomic  Coulomb  repulsion  (~7~10eV)  at  the  Cu-sites  [7-10]  and 
the  insulator  gap  (~1.5~2.0eV)  [8,15,18]  is  the  charge  transfer  gap  between  the  p  band 
and  the  upper  Hubbard-splitted  d-level.  The  Fermi  edge  is  clearly  observed  [9-12]. 

The  topological  structure  of  the  Fermi  surface  is  very  similar  to  the  one  obtained 
from  the  band  calculation  [13],  but  its  dispersion  is  very  flat  (5~10  factor  diffe¬ 
rence)  [9,11,12],  forming  a  very  narrow  band.  The  opening  of  the  superconducting  gap 
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in  the  concerned  band  is  also  observed  below  [12,14).  The  experiments  of  the 
optical  conductivity  also  reveals  the  following  facts.  In  the  insulator  phase  of  La~ 
Sr-Cu-O,.  the  charge  transfer  gap  is  about  2eV,  and  with  increasing  hole  doping, 
certain  structures  at  O.SeV  and  l.SeV  develop  [15,18]  in  addition  to  the  Drude  part. 

In  the  metallic  phase  of  Y-Ba-Cu-0  [16,17]  and  La-Sr-Cu-O  [15,18],  two  components 
structure  is  observed  in  the  infrared  region;  the  Drude  part  is  sensitive  to  the 
doping  and  temperature,  and  the  mid~infrared  structure  is  less  sensitive  to  tempera¬ 
ture  and  shifts  gradually  to  the  low  energy  region  with  hole  doping.  One  of  the 
remarkable  results  in  the  photoemission  and  EELS  is  in  the  fact  that  a  narrow  band 
seems  to  develop  inside  the  charge  transfer  gap,  and  relative  positions  of  energy 
levels  from  the  Fermi  level  are  not  much  changed  in  the  insulator-metal  transition. 

In  fact  if  one  assumes  the  development  of  a  new  state  at  the  Fermi  level  which  is 

situated  about  O.SeV  above  the  p-band,  the  observed  double  structure  in  the  optical 

conductivity  is  naturally  understood.  However,  this  means  that,  quite  differently 
from  a  simple  band  theory,  holes  are  not  doped  to  the  occupied  states  of  the  p-band 
with  lowering  the  Fermi  level,  but  a  new  band  is  formed  spontaneously  at  the  Fermi 
level  inside  the  insulator  gap.  Since  a  similar  narrow  band  is  observed  even  in  the 
regular  lattice  of  Bi2Sr2Caj^Cu20g  [19,20],  TlBa2CaCU20^  [21]  and  its  state  density 
decreases  in  the  less  metallic  samples  by  substituing  Ca  with  Y,  we  consider  that  the 

spontaneous  formation  of  a  narrow  band  at  the  Fermi  level  is  intrinsic  in  those 

materials. 

If  the  spontaneous  creation  of  a  new  state  at  the  Fermi  level  occurs  intrin¬ 
sically  in  the  metal-insulator  transition,  its  mechanism  shoud  be  closely  connected 
with  the  formation  of  the  Fermi  surface  due  to  a  macroscopic  amount  of  hole  doping. 
Note  that,  in  an  infinite  volume  system,  (the  total  hole  number)  =  finite  means  the 
hole  density  (=  ^  volume)  =  0.  Even  if  Pj^«  1,  the  total  hole  number 

^h  infinite,  since  V  is  infinite.  If  a  mechanism  applies  even  when  one  hole  is 

doped  in  the  insulator  phase,  such  effects  should  appear  in  photoemission  spectral  of 
the  insulator  phase,  since  the  photoemission  observes  the  one  hole  excitation  spectral 
from  the  ground  state.  Therefore  the  mechanism  should  arise  from  a  many  body  effect 
among  hole  carriers.  In  those  materials,  the  d-electron  levels  are  Hubbard-splitted 
due  to  a  strong  intra-atomic  Coulomb  repulsion.  Due  to  the  hopping  of  electrons 
between  0-  and  Cu-sites,  the  Cu-spin  fluctuates,  which  produces  a  strong  spin  fluctu¬ 
ation.  When  holes  are  doped  by  a  macroscopic  amount,  electrons  hop  around  the 
lattice  sites,  receiving  the  spin  scattering  at  Cu-sites.  When  the  Fermi  surface  is 
formed,  the  Kondo-type  effect  is  induced.  We  think  that  this  effect  is  the  cause  of 
the  forming  of  a  new  state  at  the  Fermi  level  [22].  The  above  mechanism  is  also 
considered  as  follows.  Suppose  that  we  create  the  Fermi  surface  at  the  top  of  the  p- 
band  by  hole-doping.  Due  to  the  Fermi  edge  effect,  the  effective  Cu-spin-p-electron- 
spin  interaction  is  increased.  Then  the  electron  states  near  the  Fermi  surface  have  a 
tendency  to  split  from  others  by  forming  a  partial  singlet  state  with  a  Cu-spin,  which 
may  cause  a  spontaneous  creation  of  a  new  band  at  the  Fermi  level. 

In  order  to  see  the  above  possibility  in  the  actual  calculation  [22],  we  start 
from  the  p-d  mixing  model  [23]: 


H  =  £  £  p 

i ,  p  ia 

By  assuming  the 


+  K  2  £  +  Un  n  )  +  2  t  (p^  d  +  d^  p 

i  (7  d  ia  ir  il  i,j,a  ij  ia  j  a  ja  ia 
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orbits,  and  by 
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eliminating  non-bonding  band,  we  have 
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Where  Q  is  a  unit  volume,  a  is  a  lattice  length,  and  R.  and  are  lattice  points.  By 
considering  the  case  of  ^  =  'a  "  “  ^-electron  freedom  is 

restricted  to  describe  only  n^  -  1-2  transition,  which  introduces  an  operator  .j, 


[24,25], 


d  ,n , 
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-electron  propagator  S_t(u.,k)  and  d-electron  propagator  S^^t(a„k),  which  is 


The  p— excti  ut  vjii  ^pp 

described  by  n,  are  obtained  as 
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where  S  t{«,ir)  is  the  one  p-electron  irreducible  part  given  by 
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and  n  is  given  by 
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By  denoting  ^i^^Ct)  =  ’J^tx),  X:t^jP.(t)=  Pj.(x),  the  irreducible  part  S^,t  is  evaluated 
from 

(i_J - ^  )<  (x)7?^(y))>  -  i5(x-y)  —  +  2  (-  — <7^)<R(5n  (x)p  (x)i7^(y))>  (1.8) 
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with  a''=(-l,a.),  n^=(d^d,  d^cT.d)  and  «n^=n^-<n^>.  By  introducing  a  local  decompo- 

sition 
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With  A  being  an  complete  set  of  operators  satisfying 
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By  neglecting  the  effect  of  the  charge  fluctuation,  we  have 
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By  replacing  g^  by  its  momentum  average,  assuming 
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we  perform  the  self-consistent  numerical  calculation  to  obtain 


(J  ((o)»  - - -  fd^k  G  i(a,k),  G  (co)  =  - - -  fd^ka  ((0,ir). 
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The  result  is  shown  in  Fig.  1.  The  paramerts  are  chosen  as  transfer 
fp)»3.0eV,  t“1.3eV  7^*0. 02eV  and  temperature  T*0.01eV.  By  fixing  A, 
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If  I,  which  corresponds  to  lowering  the 
Fermi  level.  With  doping,  a  new  narrow 
band  develops  at  the  Fermi  level  inside  the 
charge  transfer  gap.  The  distance  between 
the  top  of  the  p-band  and  the  Fermi  level 
(w-O)  decreases  with  increasing  doping. 

This  is  due  to  the  fact  that,  when  the 
kinetic  term  is  produced  only  by  the  p-d 
hopping  term,  there  exists  a  point  t  (k)  * 

0,  at  which  the  p-electron  state  receives 
no  modification.  This  situation  is  quite 
diffeiTfint  from  the  Anderson  model,  where 
the  mixing  t  is  taken  constant.  In  the 
latter  case,  the  lower  p-band  and  a  newly 
created  narrow  band  repel  each  other  by  the 
mixing  interaction  and  the  change  of  the 
gap  between  p-*and  the  new  band  is  small 
[22].  In  the  actual  situation,  there  may 
exist  a  direct  hopping  among  p-electrons, 
and  we  expect  an  intermediate  situation. 

We  have  seen  that,  due  to  the  critical 
spin  scattering  at  the  Fermi  level,  a  new 
narrow  band  can  be  spontaneously  created  at 
the  Fermi  level  in  the  metal-insulater 
transition  in  the  oxide  materials.  This 
seems  to  explain  many  features  of  photo¬ 
emission,  EELS  and  optical  experiments  as 
mentioned  previously.  Then  what  is 
expected  for  the  superconductivity  ?  For 
the  formation  of  a  narrow  band,  we  showed 
that  the  spin  interaction  has  played  an 
important  role.  However  once  this  state  is 
formed,  spin  interactions  are  sufficiently 
renormalized  and  the  effective  spin-spin 
interaction  among  quasi-particle  states  may 
be  weakened.  On  the  other  hand,  due  to  a 
narrow  band,  low  frequency  charge  fluctu¬ 
ation  through  the  charge  transfer 
interaction  may  be  induced,  which  may  work 
as  an  attractive  force  for  the  supercon¬ 
ductivity.  When  the  hole  concentration  is 
increased,  the  band  may  be  broadened  and  it 
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Fig.  1  Electron  density  of  state 
and  The  fine  solid  lines  are  for 

Opp|.(u))  and  the  hold  solid  line  is  for 
o^^|-(a>).  The  parameters  are  A(=E^-ep)” 
3.0eV,  t*1.3eV,  T«0.01eV.  y^-^0.02e^  and 
is  changed  as  -O.Bev  (1).  -0,4eV  (2), 
-0.3eV  (3)  and  -0.2eV  (4). 


may  shift  to  a  usual  metallic  band, 

Therefor,  the  effect  of  the  chetge  fluotu.tloh  taker  Ita  maxima,  in  the  .htermediate 
regloh  of  the  Ihealator-metal  trahaltloh.  »e  think  that  the  charge-flactaatlon 
mediated  aapercondactlvlty  1261  la  more  plausible,  we  may  say  that  both  of  apin  and 
Charge  fluctuation  play  Important  role,  to  create  the  high  T^-supercondactivity,  the 
former  works  to  produce  the  envlroment  and  the  latter  nay  cause  an  additional  phase 
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transition  to  the  superconductivity.  However,  to  conclude  in  that  way,  we  need 
further  theoretical  studies  to  analyze  the  concentration  and  temperature  dependence  of 
physical  properties. 

2.  Superconductivity  in  Layered  Copper  Oxides 
tunneling 

The  layered  oxides  such  as  YBa2CU20^  and  Bi2Sr2CaCu20Q  may  be  considered  to  be 
constructed  by  an  alternate  stacking  of  strongly  superconducting  layers  and  weakly 
superconducting  layers.  In  order  to  confirm  this  structure,  we  calculate  the 
tunneling  conductance  of  a  junction  of  the  layered  oxide  superconductor  and  a  normal 
metal.  For  the  calculation  of  the  tunneling  conductance  we  use  the  following  model 
for  the  oxide  crystals. 

Let  us  consider  a  single  crystal  of  YBa2Cu20^  as  an  example  of  the  superconduc¬ 
ting  oxides.  We  simplify  the  crystal  structure  as  an  array  of  the  oxide  layers  of 
CUO2,  BaO,  and  CuO  stacked  along  the  z  axis  with  equal  spacing.  The  figure  2  shows 


Fig. 2  Unit  cell  of  the  model  crystal 
which  we  take  for  YBa^Cu^O^. 


the  unit  cell  of  the  structure.  In  this  model,  we  do  not  take  account  of  the  Y  layers 
explicitly,  since  the  electronic  state  of  the  Y  ion  will  not  contribute  to  the 
electronic  degree  of  freedom  near  the  Fermi  level.  The  effect  of  the  Y  ions  is 
implicitly  included  in  the  parameters  which  characterize  the  electronic  state  of  the 
oxygen  layers  in  the  following.  The  Hamiltonian  for  this  system  may  be  written  as 

5  5  -ik  c/5 

H  -  2  2  £  (ir)a^  (k)a  (iT)  +  2  2  ft  e  ^  a^  (ir)a  (k)+c.c)  , 

iT,  ro  ni<7  .ra(7  ^  ^m»l  m+l,m  m+l,  <7  m,  a 

(2.1) 

where  «  (k)  is  the  2-dimensional  energy  band  for  the  m-th  layer,  a  (k)  and  a^  (k) 

ma  m<7 

are  the  annihilation  and  creation  operators  of  fermions,  and  t  is  the  transfer 

m+i,m 

integral  between  the  (m+l)-th  and  m-th  layers.  If  we  write  the  2-dimenslonal  energy 
bands  for  the  Cu02r  BaO,  and  CuO  layers  as  {^(k),  t^^Ck),  and  respectively, 

«j(jr)-  tgiiT)  -  jgiiT),  £2<it)  -  «4<ir)-  and  £3(ir)  - 

We  assume  the  superconducting  pairing  interaction  acts  only  between  electrons  in 
the  CUO2  layers,  the  first  and  fifth  layers  in  Fig. 2.  Then,  using  the  weak  coupling 
approximation,  we  write  the  superconducting  interaction  Hamiltonian  as 


CUO2 - ^ - m=| 

BaO  - -  2 

CuO - - -  3 

BaO - - 4 

CUO2 - - -  5 
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int 


2 


H  =  A  Z  [a  (k)a  (-k)  +  c.c.l  +  A 

int  IT  11  ^  -  5T 


—  ,  2A 

2  (a  (k)a  (-k)  +  c.c.l  + - 

.*  5T  5i  I 

k, » 


(2.2) 


I  being  the  superconducting  interaction  constant.  The  superconducting  order  parameter 
i  in  Eq. (2.2)  is  defined  by 

^  =  1  I  <  a  (k)a  (-k)>, 


where  <A>  denotes  the  thermal  average  of  A.  We  calculate  the  eigenvalues  and 
eigenstates  of  the  Hamiltonia  H  +  Using  the  eigenstates,  we  calculate  the 

thermal  average  value  of  <a^^(k)a^j(-ir)>  in  Eq.(2.3).  This  quantity  is  a  function  of 
the  order  parameter  Therefore,  Eq.(2.3)  gives  the  self-consistent  equation  to 

determine  A  as  a  function  of  temperature. 

The  local  density  of  states  at  the  m-th  layer  is  given  by 


P  (  £t>) 

m 


-  —  Im  2  (a  (it) , 
n  ni  T 


a^  (iT) )  , 

ml  0) 


(2-4) 


where  (a  ^(1?),  a^^(i<))^  is  the  Fourier  component  of  the  retarded  Green's  function 
with  energy  <».  The  factor  2  in  Eq.(2.4)  comes  from  the  spin  degree  of  freedom.  When 
the  m-th  layer  of  the  oxide  contacts  with  the  tunnel  barrier  in  the  tunnel  junction  of 
the  oxide  and  a  metal,  the  tunneling  current  Is  mainly  brought  about  by  electrons  from 
the  m-th  layer,  since  the  tunneling  probability  from  the  other  layers  are  very  samll. 
The  tunneling  current  in  this  Junction  is  expressed  as 

T 

I  -  A  1  dwp„(a))  If  (w)  -  f(»+eV)l  ,  .  *2.5) 

m  J  m 

— oo 

where  f(ii>)  is  the  Fermi-Dirac  function  f(<o)  -  texp(4)/kgT)  +  11  ^  and  V  is  the  bias 
voltage.  In  Eq.  (2.5),  we  assume  that  the  density  of  states  of  the  normal  metal  in 
the  junction  is  independent  of  energy  in  the  range  of  eV  around  the  Fermi  level.  The 
coefficient  A  in  Eq.  (2.5)  is  a  constant  related  to  this  density  of  states  of  the 
normal  metal  and  the  nature  of  the  junction.  Using  Eq. (2.5),  the  tunneling  conduc¬ 
tance  of  the  junction  is  calculated  as 

e  T  2  0)  +  eV 

B  ® 

According  to  the  distribution  of  the  layers  at  the  interface  between  the  oxide 
and  the  tunneling  barrier,  we  may  measure  some  average  values  of  the  conductances  Gj^, 
G,  • • •  Gc  in  the  tunneling  experiments.  When  the  layers  appear  in  equal  weight  at 
the  interface,  the  average  value  G  -  <1/5)^:E,G^  is  measured.  Using  some  values  for 
the  parameters  of  the  energy  bands  and  the  superconducting  interaction  constant,  we 
calculated  the  average  value  of  the  conductance  G.  The  figure  3  shows  the  conduc¬ 
tance  G  normalized  by  a  constant  Gq  as  a  function  of  eV/A(0)  at  OK.  We  see  a 
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fine  structure  inside  the  large  tunneling  gap  which  mainly  comes  from  the  supercon¬ 
ducting  energy  gap  on  the  CUO2  layer.  The  fine  structure  originates  from  the  small 
superconducting  energy  gaps  on  the  BaO  and  CuO  layers.  The  finite  conductance  at  zero 
bias  voltage  is  caused  by  gapless  excitations  in  the  excitation  spectrum.  The 
ruggedness  of  the  tunneling  curves  in  Fig. 3  originates  from  the  Van  Hove  singular- 


eV/A(0) 


Fig. 3  Normalized  average  tunneling 
conductance  as  a  function  of 
the  normalized  bias  boltage 
at  T-OK. 


ities  in  the  excitation  spectrum.  The  fine  structure  inside  the  tunneling  gap  and 
the  finite  conductance  at  zero  bias  voltage  seen  in  Fig. 3  have  been  observed  actually 
by  the  experiments  using  a  junction  between  a  normal  metal  and  YBa2CU20g_^  [27-353, 
and  a  junction  between  a  metal  and  Bi-Sr-Ca-Cu-0  [36-38). 


critical  current 

If  the  oxides  have  the  layered  structure  of  strongly  and  weakly  superonduc- 
ting  layeres  as  mentioned  above,  we  expect  that  this  structure  itself  works  as 
strong  pinning  centers  in  the  following  [39,40].  The  coherence  length  along  the  c  axis 
of  the  oxide  crystal  is  shorter  than  the  lattice  constant  at  low  temperatures.  When 
the  flux  lines  are  parallel  to  the  layers,  the  flux  lines  are  stabilized  the  most 
when  they  are  placed  at  the  weakly  superconducting  layers,  since  the  loss  of  the 
superconducting  cohesive  energy  due  to  inclusion  of  the  flux  lines  is  least  in  this 
case.  Therefore,  the  weakly  superconducting  layers  work  as  natural  pinning  centers. 
Almost  all  flux  lines  are  pinned  by  the  weakly  superconducting  layers  and  the  strength 
of  the  pinning  force  is  considerably  high.  Thus,  we  expect  the  high  critical  current 
density  as  large  as  10  A/cm  at  4.2  K  [393.  We  also  expect  that  the  critical  current 
density  from  this  mechanism  is  strongly  dependent  on  the  direction  of  the  applied 
magnetic  field  [40].  When  the  direction  of  the  magnetic  field  is  slightly  tilted  from 
the  layers,  the  critical  current  drastically  decreases.  The  high  critical  current 
density  and  the  anisotropy  of  the  critical  current  mentioned  above  have  actually  been 
observed  in  the  experiments  using  the  high-quality  single  crystal  films  of 
YBa2Cu30^^g  [41-483. 

The  present  researches  were  accomplished  in  cooperation  with  Dr.  T.  Koyama,  Dr. 

S.  Takahashi,  Mr.  M.  Sasaki,  Mr.  S.  Ishihara,  and  Mr.  N.  Takezawa. 
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Electronic  States  of  the  d-p  Model 
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The  electronic  state  in  the  CuOg-layer  is  studied  by  using  the  d-p  model 
with  the  local  electronic  correlation  being  fully  taken  into  account.  The 
hole  doping  brings  about  a  new  band  around  the  Fermi  level  inside  the 
energy  gap.  Intensity  of  the  band  increases  as  the  number  of  holes 
increases.  The  transport  properties  are  discussed  due  to  the  new  band. 


The  d-p  model  is  now  widely  accepted  as  a  model  which  properly  describes  the 
CUO2  network  in  the  copper-oxide  superconductors.  The  key  point  in  the  study  of  the 
model  is  how  we  take  into  account  the  local  electronic  correlation  on  the  Cu  sites. 
For  such  purpose  the  boson  technique  is  useful  which  was  proposed  by  Coleman[l]  and 
used  by  Jin  and  Kuroda[2]  for  the  infinite-U  impurity  Anderson  model.  This  technique 
was  modified  by  Ono  et.  al.[3]  and  Kuroda  et,  al*[4]  so  to  apply  to  the  lattice  case. 
They  succeeded  in  describing  the  electronic  state  in  the  whole  temperature  range, 
i.e.  the  incoherent  and  coherent  regimes  and  its  crossover  phenomena  in  the  Anderson 
lattice. 

Jichu  et.al.[5]  applied  the  technique  to  the  d-p  model  and  studied  the 
electronic  state.  We  review  the  technique  and  the  results.  Then  we  study  the 
transport  properties. 

The  d-p  model  Hamiltonian  is  given  as 


H  =  E  (s  -^)  C  *  E  d.^  d.^ 

kaa  10 


"  Kai  <^ic  "  h.c.  ) 

kiaa 


(1) 


where  denote  creation  operators  of  p  -hole  (a=x,y),  d  2  2-hole  and 

KCEul(Jl  Q 

slave  boson  at  the  i-th  Cu  site.  Vj^^^=2isin( k^a/2 )exp( ikR^ ) .  We  impose  the  local 
constraint  of 


Q.  =  L  dT  d.  + 
X  10  10 

0 


b%,  = 


(2) 


for  each  site.  In  order  to  enforce  the  local  constraint,  we  invoke  a  grand  canonical 
ensemble,  H^=H+E2^Q^.  Then,  we  calculate  an  expectation  value  of  operator  A  in  such 
a  way  as 
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<A> 


(3) 


=  Jlim  t<AnQ.  >j/<nQj^>jl 
i  ■  i 

where  <B>,=T  [exp(-8H, )Bl/t_[exp(-0H. ) 1 .  The  Dyson  equations  are  given  in  Figs. I  and 
X .  r  A  r  A 

2. 


Fig.  1.  Dyson  equations  for  single-panicle  Green’s  Fig.  2.  The  correction  to  the  (/-hole  Green’s  function, 

functions.  The  thin  solid,  dashed  and  wavy  lines  with 
one  arrow  denote  the  bare  p-,  (/-hole  and  auxiliary 
boson  Green’s  functions,  respectively.  The  thick  lines 
with  two  arrows  represent  the  corresponding  renor¬ 
malized  Green’s  functions. 


The  guiding  principle  is  essentially  due  to  the  ( 1/N ) -expansion  method! 3, 41,  i.e.  the 
(1/N)^  terms  are  included.  These  equations  are  coupled  and  should  be  solved  self- 
consistently . 

We  summarize  the  results  in  the  following. 

ii)  We  define  a  characteristic  energy  (similar  to  Tj^) ,  a  renormalization  factor  b 
and  a  critical  temperature  Tqswq/ An( 2/ ( 1-b) ] .  Due  to  the  many  body  correlation  at 
T<T^j,  the  resonance  level  emerges  at  +  p  with  its  residue  b.  The  resonance  level 
mixes  with  the  p-level  and  forms  hybridized  bands  which  are  given  by 


E^(k)  =  (*p 


-  U)  +  4bW(k)]^''^)/2 


2  2  2 

where  and  w(k>=(2t)  (cos  (k  a/2)+cos  (k  a/2))  is  the  hybridization. 

^  .  y 

(ii)  For  T=0,  we  calculate  u»q,  b  and  p 
self-consistently  with  A=(£p-€^)/2t  fixed. 

In  Fig. 3,  we  have  plotted  b  against  n  for 
A=  1,2,4.  Here  n  is  the  total  number  of 


holes  per  unit  cell,  i.e.,  n=n^+n^  with  n^ 
being  the  hole  number  in  the  d-state  and 
n  the  hole  number  in  the  band.  The 
system  becomes  an  insulator  at  n=I  for 
A=4,  since  the  band  width  is  proportional 
to  b  and  b=0  in  that  case.  This  is  seen 
more  clearly  in  Figs. 4  and  5.  In  Fig.5, 

we  see  that  a  hew  midgap  band  emerges  at 
2 

n=l  around  s  -4t  /«  ,  and  its  intensity 
p  d 

increases  as  hole  doping.  The  midgap  band 
is  mainly  due  to  the  p-holes.  In  Fig. 6, 
the  density  of  states  of  the  band  at  the 
Fermi  level  has  sharp  peak  at  n=l  for  5=4. 


0  1  n  2 


Fig.  3.  The  residue  d  vs  the  total  number  of  holes  per 
unit  cell,  n.  The  number  attached  to  each  line  denotes 
the  value  of  J. 
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Fig.  4.  The  energy  scheme  for  J =4.  e,  and  are  denoted  by  two  horizontal  lines.  Each  band  is  shown  by  the 
hatched  area.  The  fine-hatched  regions  indicate  the  occupied  states. 

Fig.  5.  The  schematic  density  of  states  corresponding  to  the  band  scheme  of  Fig.  4.  The  Fermi  level  is  shown  by 
the  arrow,  [  <n^<ni<n-i<2. 

Fig.  6.  The  densities  of  states  at  the  Fermi  level  for  two  values  of  J,  i.e.,  for  J=4  (solid  lines)  and  2  (dashed 
lines). 


In  the  case  of  T=0,  the  Fermi  surface  is  determined  by  n^+n^=  (  2/N ) ( -E_ ( k ) +(J ) 
which  satisfies  Luttinger’s  theorem.  This  means  that  even  at  low  hole  doping  n-l-O 
the  Fermi  surface  encloses  a  half  of  the  first  Brillouin  zone.  On  the  other  hand  in 
the  case  of  T>>Tq,  the  midgap  band  disappears  and  a  small  hole  Fermi  sphere  appears. 
In  this  sense,  the  critical  temperature  Tq  is  a  crossover  temperature,  above  or  below 
which  the  low  energy  properties  such  as  transportones  change  drastically. 

The  expressions  of  the  conductivity  and  the  Hall  coefficient  in  the  Fermi 
liquid  were  given  by  Yamada  and  YosidatBl,  Kohno  and  Yamada[7].  However,  here,  we 
study  these  on  the  following  assumption:  (1)  The  vertex  corrections  may  be  neglected 
in  the  first  approximation,  (2)  The  damping  terms  are  due  to  the  potential  scattering 
by  impurities  on  0-sites,  (3)  The  direct  transfer  among  0-sites  exists. 

In  the  case  of  T<<Tq,  the  midgap  band  carries  current.  The  quasi-particles  of 
the  band  move  mainly  through  the  mixing  term  when  n2:2 ,  but  when  n  decreases,  n-1 ,  the 
mixing  term  decreases  and  is  dominated  by  the  direct  transfer  among  O-sites.  Thus  we 
expect  that  the  Hall  coefficient  changes  its  sign  from  negative  to  positive  on  the 
way  from  n=2  to  1.  Here  we  show  the  results  in  the  limit  n-1; 

e^rn  (5) 


3  5  9 

a  =  -f—  H  ^  ^  ’ 

m*c 


(6) 
2,_2 


where  t  is  the  direct  transfer  t„<0  and  m*  is  the  effective  mass  m*=2 ( ep-WQ-p )a  /n  . 
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Then  the  Hall  coefficient  is  given; 


On  the  other  hand,  at  T>>Tq,  the  Hall  coefficient  is  due  to  the  small  Fermi  sphere 
corresponding  the  hole  number  n-1; 


^H  ^  ec(n-l) 


(8) 


This  crossover  phenomenon  may  be  observed  in  the  experiment. 
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To  Understand  Electronic  Properties  of  High  Temperature  Superconductors 
on  the  Basis  of  Fermi  Liquid  Theory.  II 

Hiroshi  Kohno  and  Kosaku  Yamada 
Department  of  Physics,  Kyoto  University,  Kyoto  606 


Electronic  properties  in  the  normal  state  are  studied  on  the  basis  of  the  Fermi  liquid  theory.  A 
general  expression  for  nuclear  spin-lattice  relaxation  rate  ^  is  derived.  Implications  of  this 
result  are  discussed. 


Characteristic  spin  dynamics  in  High-Tc  materials  has  been  revealed  by  microscopic  magnetic  probes  such  as 
neutron  scatteringt^J  and  experiments.  It  seems  that  the  properties  of  undoped  systems  can  be  understood  on 

the  basis  of  2D  Heisenberg  model.^^^  While  it  is  still  controversial  as  to  doped  systems, it  is  basically  the  problem 
of  electron  correlation  which  has  long  been  attacked  theoretically.  We  have  been  studying  such  correlation  effects  in 
normal  metals  on  the  basis  of  the  Fermi  liquid  theory.  Here  we  derive  the  exact  expression  for  nuclear  spin-lattice 
relaxation  rate  Tf  ^  on  the  basis  of  diagrammatic  perturbation  theory.  This  relaxation  rate  is  the  leading-order 
quantity  which  reflects  the  low-frequency  dynamics  of  spin  fluctuations. 

When  the  relaxation  is  due  to  nuclear-electron  hyperfine  interaction,  Tf  ^  is  expressed  in  terms  of  transverse 
susceptibility  ^  +  *0)  of  the  electron  system:^®! 


=  k^T{gr,Hn)^  ^  I  A(q)  +  (1) 

q 

Here,  i4(q)  is  the  hyperfine  coupling  constant  and 

X+-(q,u.  +  tO)  =  i  r  5:,(0)]),  (2) 

Jo 

k 

Before  proceeding,  we  comment  on  the  distinction  between  and  static  transport  coefficients  (TC)  ;  detailed 

study  of  the  latter  was  made  by  Eliashbergt^J  and  Yamada  ei  for  conductivity  and  by  us  for  Hall  coefficient^^l 

and  thermal  Both  quantities,  Tf  ^  and  TC,  are  similar  in  that  each  can  be  obtained  as  [Imx(u;  +  i0)/u;]u,^o, 

where  x(u;  -h  iO)  is  an  appropriate  susceptibility.  The  difference  is  that  finite-q  terms  contribute  to  ^  as  seen 
from  Eq.  (1),  while  transport  phenomena  are  usually  meaningful  for  q  0.  Accordingly,  ^  does  not  contain 
the  term  inversely  proportional  to  quasiparticle  damping  7p  (or  higher)  as  opposed  to  TC,  thus  requiring  rigorous 
manipulations  without  any  approximations  which  rely  on  the  smallness  of  7p/ cp  employed  for  TC. 
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Now  we  write  as 


X^~(Q»  *^a)  =  53  iWA)^k(*^n)A  {iSn]  Wa))  C*^) 

”  It 

K{i€n;  if-^x)  =  1  +  T  ^  ^  r k,k';q(*^ni  *WA)^k'+q(*^'  +  *^A)^k'(*^n')>  (^) 

n'  k' 

where  Q\i(i£n)  and  P  are  renormalized  Green  function  and  four  point  vertex  function  with  imaginary  frequency.  After 
analytic  continuation  they  become 
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(11) 


J^oo  ^'*‘,■=13 


Ai{e-,co)  =  1  +  /  i  T'“>(e,£';ai)^>(e';u)). 

7-co  j==i,3 


(12) 


From  these  relations,  we  get 


Ki(e-,u!)  =  Ai(s-,uj)  +  j  ^.T^^\e,e'-,‘^)g2(s'-,>^)K2(e'-,‘^), 


(13) 


where  i  =  1,3  and 


/OO 

—.T  22{€,£';u)g2{e'-,u>)A2{s';u).  (14) 

From  Eq.  (13),  Eq.  (6)  becomes 

X'''”(q,  w  +  «0)  =  ^  Ajji/l,- +  AijjT-,' +  A2jp2A2 

*=1,3  *=1,3 

=  XigiAi  +  A2X292^2' 
i=l,3 


The  last  equality  of  Eq.  (15)  follows  from  Eqs.  (12)  of  Ref.  [6],  and  At  is  given  by  A  with  its  left  and  right  reversed. 
In  the  second  term  of  Eq.  (15),  the  factor  u  is  directly  obtained  from  A2. 

The  next  step  is  to  extract  terms  proportional  to  u  from  the  imaginary  part  of  the  first  term  of  Eq.  (15).  The 
key  point  is  that  the  first  term  is  real  if  we  put  w  =  0  in  the  thermal  factor  th^^  associated  with  ^3.  Or,  it  might  be 
best  described  as  its  imaginary  part  arises  due  to  the  difference  between  th^  and  th^,  which  are  associated  with 
gi  and  ^3,  respectively.  Thus  the  desired  quantity  is  obtained  by  picking  up  the  factor  a;  from  the  difference  between 
th^  and  th^  and  by  setting  w  =  0  in  the  other  parts.  If  we  give  attention  to  the  section  from  which  the  factor  w 
is  picked  up  in  this  way,  the  whole  diagram  is  divided  into  two  parts,  the  left  and  the  right,  and  we  get  the  result  as 


-Imx'’’  (q,w  +  iO)] 

.U;  JW—*Q 


Momentum  variables  should  appear  in  the  formula  for  periodic  systems,  althouth  we  omit  them  for  simplicity.  It 
may  be  worthwhile  to  recognize  that  no  assumption  is  made  so  far  such  as  the  existence  of  well-defined  quasiparticles 
and/or  even  the  existence  of  the  Fermi  surface. 


=  — “  /  ^{—‘—)[AigiAi-\’A:ig^Az  —  2ReA292^2] 

+  MgzAz  -  2ReA252^2] 

2  y_oo  27r  os 


1  r  ^  r 

2  7-00  2ir  7-c 


^(-^)Im[A2if2^2252^2)- 


(16) 
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At  zero  temperature,  Ais  are  all  equal  and  real,  and  T22  vanishes  like  ^  T^.  Thus  Eq.  (16)  reduces  to 

f— +  lO)]  =  7r^aic6(/i  -  £’JJ)ak+q6(/i  -  £’J^q)[yllc,k+q(A^)]^-  (17) 

k 

Here,  Ok  and  wavefunction  renormalization  factor  and  the  excitation  energy  of  a  quasiparticle  of  momentum 

k,  respectively. 

The  factor  Ak,k+q  is  expected  to  be  enhanced  due  to  electron-electron  interaction  C/,  leading  the  enhancement  of 
the  Korringa  constant,  *.e.,  (TiT)“^  at  T  =  0, 

At  finite  temperature,  (TiT)“^  given  by  Eq.  (16),  would  decrease  from  the  constant  value  enhanced  by  correlation 
with  the  T^-dependence,  as  far  as  normal  Fermi  liquid  phase  is  assumed.  Deriving  the  coefficient  of  this  T^-term 
remains  as  a  future  problem. 

Both  feature,  enhancement  of  (TiT)"'  at  T  =  0  and  its  T^-like  decrease,  are  observed  in  heavy-fermion  systems.!") 
As  for  High-Tc  materials,  most  natural  interpretation  of  experimental  results  (^1  seems  to  lie  along  this  line.!**”) 

In  discussing  the  site  dependence  of  \  q-dependence  of  A(q)  and  Ak,k+q  should  play  the  central  role.  One 
possible  viewpoint  is  as  follows:  if  the  following  relation 


^k,k+q  -  ^(q)  - 


y(q) 

x°(q)’ 


(18) 


which  holds  within  RPA  for  the  Hubbard  model,  remains  a  good  approximation  even  for  the  exact  x(q)  and  Ak,k+q, 
yl(q)  can  be  regarded  as  the  enhancement  factor  of  x(q)  correlation.  In  fact,  if  one  can  neglect  the  k, 

dependence  of  Ak,k+q(^)j  cme  finds 


X(q)  = ^^k,k+q(««:)Gk(»e)Gk+q(»e) 

=:  ^(q)x°(q)- 

In  conclusion,  we  have  demonstrated  that  the  enhancement  of  (TiT)"'  and  its  temperature  dependence,  observed 
in  heavy-fermion  and  High-Tc  superconducting  systems,  would  be  understood  most  naturally  on  the  basis  of  the  Fermi 
liquid  theory.  The  reduction  of  Eq.  (1)  to  Eq.  (16)  for  finite  temperature  and  Eq.  (17)  for  T  =  0  is  the  present  main 
results.  We  hope  that  more  convincing  information  should  be  derived  from  these  formulae. 
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Fermi  Liquid  Theory  on  the  Basis  of  the  Periodic  Anderson  Model  with 
Spin-Orbit  Coupling  and  Crystalline  Field 

K.  Hanzawa,  K.  Yosida  and  K.  Yamada^ 

Department  of  Physics,  Science  University  of  Tokyo,  Noda  278,  Japan 
^Department  of  Physics,  Kyoto  University,  Kyoto  606,  Japan  .  ^ 

In  order  to  discuss  the  normal -state  properties  of  heavy- fermion  systems,  the  Fermi  liqf.aid 
theory  is  developed  on  the  basis  of  the  periodic  Anderson  model  with  arbitrary  spin-orbit  coupling 
and  crystalline  field.  For  the  unperturbed  (U=0)  case,  the  electronic  band  structure  is 
determined;  then  the  expressions  of  T-linear  coefficient  of  specific  heat  and  magnetic  suscep¬ 
tibility  are  derived.  For  U?K},  the  general  expressions  for  T-linear  coefficient  of  specific  heat 
and  magnetization  are  derived.  However,  the  expression  for  magnetic  susceptibility  cannot 
generally  be  brought  into  such  a  usual  form  that  includes  only  the  quantities  on  the  Fermi  surface 
because  of  the  existence  of  off-diagonal  elements  of  f-electron  self-energy.  Therefore,  the  sus¬ 
ceptibility  is  calculated  in  the  special  case  that  only  the  lowest  Kramers  doublet  is  taken  into 
account. 

(published  in  Prog.  Iheor.  Ihys.  81,  960-975(1989)) 


A  Modified  Spin-Wave  Theory  of  the  Square -Lattice  Antiferroraagnet 
K.  Ohara  and  K.  Yosida 

Department  of  Physics,  Science  University  of  Tokyo,  Noda  278,  Japan 

A  modified  spin-wave  theory  is  developed  for  the  square-lattice  antiferroraagnet  under  the 
constraint  that  the  sublattice  magnetization  vanishes.  This  constraint  gives  rise  to  a  hi^ly 
anisotropic  susceptibility.  The  rotational  averaged  susceptibility  increases  linear  in  temperature 
from  its  T=0  value  vdiich  is  equal  to  the  average  susceptibility  at  TO  obtainei  by  the  usual  spin- 
wave  theory.  The  free  energy  and  specific  heat  remain  essentially  unchanged  from  those  obtained  by 
the  usual  spin-wave  theory. 

(published  in  J.  Fhys.  Soc.  Jpn.  58,  2521-2530(1989)) 
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T-Square  Term  of  Electrical  Resistivity 

K.  Yamada,  M.  Nakano,  K.  Yosida*  K.  Hanzawa  and  A.  Sakurai'*' 

Department  of  Physics,  Kyoto  University,  Kyoto  606,  Japan 

*Departnient  of  Ptysics,  Science  IMversity  of  Tokyo,  Noda  278,  Japan 

+Department  of  Physics,  Kyoto  Sangyo  University.  Kyoto  603,  Japan 

The  electrical  resistivity.  R.  in  metals  at  low  temperature  T  is  given  ty  RqH^.  vdiere  Rq 
and  A  are  the  residual  resistivity  due  to  IspUrities  and  the  coefficient  of  T  -term  due  to 
electron  Interactions,  respectively.  In  this  paper,  we  discuss  the  magnitude  of  A  for  the  systems 
conxjsed  of  two  kinds  of  electrons  possessing  different  effective  masses,  such  as  transition  and 
rare  earth  metals.  Starting  with  the  Kubo  fomula,  we  obtain  coupled  equations  for  the  current 
vertex  functions  of  light  and  heavy  electrons.  By  using  these  equations,  we  can  shew  that  the 
resistance  of  li^t  elections  originates  from  the  collision  between  the  two  kinds  of  electrons  (s- 
d  scattering  or  s-f  scattering)  as  believed.  In  this  mechanlan,  a  nutual  interaction  between  heavy 
electrons  is  Indispensable  for  the  momentum,  transferred  from  the  light  electron  to  heavy 
electron,  to  decay.  If  the  system  has  the  mixing  term  between  li^t  and  heavy  electrons  like  heavy 
fermion  system,  the  quasi-particles  are  composed  of  the  both  kinds  of  electrons.  For  this  case, 
the  contributions  of  the  two  kinds  of  electrons  to!  the  conductivity  are  separated  to  determine  the 

main  contributions  for  some  limiting  cases. 

(published  in  Prog.  TheOr.  Plys.  82,  689-701(1989)) 


Functional  Integral  Approach  to  the  Lew  Dimensional  Antlferromagnets 
K.  Hatada  and  K.  Yosida 

Department  of  Physics,  Science  University  of  Tokyo,  Itoda  278,  Japan  :  ^ 

The  ground-state  energies  of  the  low-dimens  tonal  antiferronagnets  are  calculated  including 
the  triangular  lattice  by  the  fermionic  mean-field  approach.  These  energies  are,  as  well  loKwn, 
hi^  compared  with  those  of  Ntel  states'.  For  one-dimensidnal  case,  t^^^  effects  of  the  fluctuations 
from  the  mean  field  are  investigated  by  the  furestional  Integral  and  these  mean-field  states 

are  shown  to  be  unstable  to  the  dhner  state.  Finally,  the  ground-state  energy  is  calculated^  b^ 
taking  into  account  the  fluctuations  from  the  dimer  state. 

(published  in  Prog.  Theor.  Hiys.  82,  702-722(1989)) 


Theory  of  Normal  and  Superconducting  States  of  High  Temperature  Superconductors 


Y.  Nagaoka, 


Y.  Ono,  T.  Matsuura,  Y.  Kuroda,  H.  Jichu*, 
K.  Sano**,  Ir  Doi***  and  D.S.  Hirashima 


K  t  Takano , 


Department  of  Physics,  Nagoya  University,  Chikusa-ku,  Nagoya  464-01 
Aichi  College  of  Technology,  Gamagori,  Aichi  443 
♦♦)  Faculty  of  Education,  Mie  University,  Tsu,  Mie  514 
♦**)  Department  of  Physics,  College  of  General  Education, 
Nagoya  University,  Nagoya  464-01 


Bednori  and  Muller’s  discovery  of  high  temperature  superconductivity  (HTS)  in 
Cu-0  based  materials  has  raised  important  theoretical  questions.  What  is  the  nature 
of  the  normal  state  in  these  materials,  what  is  the  mechanism  for  pairing,  and  what 
is  the  superconducting  state  (is  it  the  BCS  state,  or  not)?  In  our  group,  effort  has 
been  paid  to  answer  these  questions  by  various  approaches. 

1)  The  1/N  expansion  method  was  applied  to  the  infinite-U  Anderson  lattice  model  and 
to  the  d-p  model  of  HTS.  (Y.  5no,  T.  Matsuura,  Y.  Kuroda,  H.  Jichu)(l,2] 

2)  The  t-t*-J-J’  model  was  investigated  numerically  by  the  direct  diagonalization 
method.  (K.  Takano,  K.  Sano,  I.  Doi) [3,4,5] 

3)  The  superconducting  state  was  studied  based  on  the  marginal  Fermi  liquid  theory. 
(Y.  Kuroda) [6] 

4)  A  model  of  HTS  which  leads  to  consecutive  superconducting  transitions  was 
studied.  (D.S.  Hirashima,  T.  Matsuura) [7] 

These  works  are  briefly  reviewed  in  the  following. 

§1.  1/N  Expansion  of  the  Anderson  Lattice[l]  and  the  d-p  Model[2] 


To  study  the  infinite-U  Anderson  lattice  at  the  whole  temperature  range,  we 
present  a  modified  version  of  the  model  with  large  orbital  degeneracy  N,  which  yields 
finite  intersite  coherence  effects  even  in  the  limit  N-*®  in  contrast  to  the 
traditional  models.  By  introducing  the  slave  boson  operators,  b^  and  bt,  the  model 
Hamiltonian  is  transformed  to 


H  =  E  C.  +  E  E  ft  f , 

.  .  k  ks  k«  .  ,  im  im 

Ko  i  m= 1 


L  i  m=:l  (ka)sS 


-ikR. 


+  h.o.) 


with  the  local  constraint 
:  N 

+  b*  bi  =  1  .  for  all  i  .  <2) 

m=:  1 

In  order  to  enforce  the  constraint  (2)  strictly,  a  chemical  potential  2^  is 
introduced,  and  the  limit  2^-®  is  taken,  according  to  ref. [8].  In  the  model  (1),  the 
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total  degrees  of  freedom  for  the  s 

electrons  are  divided  into  N  subspaces 

^  i  e  E  E..  V  o  =I^j  •  This  means 
with  i.e., 

that  the  summation  over  (kcf)  in  a  subspace 
S  yields  a  factor  of  0(1/N),  in  contrast 

IE  1  u 

to  the  conventional  models  where 

V^-(l/N)h3]. 

The  most  dominant  terms  in  power  of 
1/N  for  the  single  particle  Green's 
functions  are  described  by  the  Dyson 
equations  illustrated  in  Fig.l.  Then  the 
S'-electron  self-energy  is  obtained  by 


ka 


ka 


kg 


kg 


Fig.l  Dyson  equations  for  the  periodic 
Anderson  model  (1).  The  solid,  broken 
and  wavy  lines  denote  the  s-,  f-,  and 

stave  boson  Green's  functions, 

respectively. 


E,  (io)  )  -  a9(T) 

KCJ  n 


kam 


(  {ka)BSJ 


(3) 


Where  a  and  Eq  are  the  parameters  of  (1/N) 


to  be  determined  self-consistent iy i  and 


9(T) 


[N^'V^  t  1]-1 


(1/N)- 


(at  T  < 

(at  T  >>  T 


(4) 


0  ' 


with  T^sEQ/iogN. 


At  T<Tq,  the  coherence  factor  <p{T)  is  of  (1/N) 


0 


the 


so  that  the  electrons  form 

renormalized  bands.  The  band  width  is  of  0(Eq),  and  the  phase  volume  enclosed  by  the 
Fermi  surface  satisfies  the  Luttinger  sum  rule.  While  at  T>>Tg,  (f>(T)  diminishes  to 
be  of  (1/N)^,  then  the  system  is  reduced  to  one  with  the  bare  s-band  plus  the  Kondo 
the  other  hand,  in  the  conventional  models  where  one  assume 


impurities . 

V^o=(l/N)t 


On 


the  intersite  coherence  effect,  i.e.  E. 


k<J 


in  eq . (3)  comes  in  only  as  a 


higher  order  correction  over  the  whole  temperature  range. 

1  . 

The  life  time  t  to  the  order  (1/N)  is  given  by 


1_ 

2z 


J!,og(Tjj/T) 


(at  T  <<  Tq) 
(at  T  >  T„) 


(5) 


Here  the  Kondo  temperature  Tj^  is  determined  by  the  same  way  for  the  single  Kondo 
problero[8].  If  one  neglects  the  k-dependence  of  Vj^  and  the  s-electron's  density  of 

However,  in  general,  they  are  not  identical  with  each 
is  considerably  larger  than  the  Kondo  anomalies  at  T>Tj^  may  not 


states,  Eq  is  identical  to  Tj^. 


other . 


When  T^ 


The  CuO^  network  is  supposed  to  be  such  a  system,  if  the  d  p  model 


be  observed, 
describes  it  correctly. 

In  the  hole  representation,  the  d-p  model  with  infinite  intra  atomic  repulsion 
on  d-sites  is  given  by 


H  = 


ka<7 

1 


£  C,  C,  +  E 
p  ka<r  kao  . 


®d  ‘^ia 


N  -ikR.  . 

m,  <\am  "  " 

L  kiao 


,  d .  b .  +  h  .  c  .  ) 

kaa  ic;  i 


(6) 


The  above  method  is  applied  to  this  model,  and  numerical  calculations  are  done  at 
T=0.  The  energy  scheme  and  the  density  of  states  are  illustrated  in  Figs. 2  and  3. 
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Fig. 2  The  energy  scheme  of  the  d-p 
model  (6).  Each  band  is  shovtn  by  the 
hatched  area  with  varying  the  total  hole 
number  n  (n=l  in  the  half-filled  and  n> 1 
in  the  hole  doping  case). 


Fig. 3  The  schematic  density  of  states 
corresponding  to  the  band  scheme  of 
Fig. 2.  The  Fermi  level  is  shown  by  the 
arrow.  1 <nj <n2<n2 <2 . 


We  note  that,  in  the  half-filled  case  {n=l)  the  system  is  an  insulator  with  a  energy 
gap  of  0(Up-6^j),  and  that  as  holes  are  doped  (n>l),  a  new  band  grows  up  inside  the 
gap  with  the  Fermi  level  midst  of  the  band.  This  scheme  may  explain  the  experimental 
features. 

§2.  Numerical  Study  of  the  t-t*-J-J*  Model[3,4,5] 

We  employed  the  t-t*-J-J*  model  and  examined  the  ground  state  and  excited  states 
by  direct  numerical  diagonalization .  The  model  describes  a  simple  strongly 


correlated  electron 

superconductivity,  and  is 

system,  which  has  possible 

given  by  the  Hamiltonian 

relevance 

to  high-T 

c 

H  =  - 

-  fE'ct  c.  +  JES.S.  +  J’E’S.S. 

10  JO  1  J  1  J 

(7) 

where  t  (J)  is  the  nearest-neighbor  transfer  (exchange  interaction)  and  t*  (J')  the 
next-nearest-neighbor  one. 

In  the  two-dimensional  and  half-filled  case,  this  model  reduces  to  the  AFHM  on  a 
square  lattice  with  frustrated  interactions  J  and  J'.  By  numerical  analysis  we 
obtained  the  following  results[3].  When  frustration  parameter  JVJ  increases 
starting  from  0  (the  case  of  a  simple  square  lattice),  the  ground  state  varies 
without  any  discontinuity.  Excitation  energies  for  finite  systems  (up  to  24  lattice 
sites)  follow  the  finite  size  scaling  based  on  a  spin-wave-analysis  and  are 
extrapolated  to  a  gapless  excitation  in  the  thermodynamic  limit  (Fig.4).  This  result 
strongly  suggests  that  the  ground  state  has  a  magnetic  long-range  order  and  the  low 
excited  states  are  described  by  spin  waves.  In  particular,  frustration  does  not  make 
a  chiral-spin  or  FQHE-like  state  the  ground  state.  We  also  checked  AFHM*s  in 
triangular  lattices  and  obtained  the  same  conclusion. 

Next,  we  examined  the  1-hoie  case,  in  which  one  electron  is  removed  from  the 
just  half-filled  system.  The  hopping  terms  with  transfers  t  and  t'  come  to  work 
accordingly.  We  found  that  these  terms  have  a  peculiar  magnetic  effect  which 
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A 


Fig. 4  Excitation  energies 
for  various  values  of 
system  size  N  in  a 
frustrated  antiferro- 

magnetic  Heisenberg  model 
in  the  case  of  J’/J=0.5. 
Extrapolation  based  on  a 
finite  size  scaling  for 
the  free  boundary 

condition  gives  gapless 
excitation  in  the  limit  of 
large  N. 


Fig. 5  Triangle  of  3  sites 
with  2  electrons.  Special 
kinds  of  hole  motions 
generate  a  singlet  sate 
for  t*>0  and  a  triplet 
state  for  t^<0.  This 
triangle  effect  survives 
locally  even  in  large 
systems . 


vanishes  when  tVt=0.  To  clarify  this  effect  we  examine  the  simplest  system 
consisting  only  of  3  lattice  sites  and  2  electrons  in  the  case  of  J=J*=0  (Fig. 5).  A 
simple  calculation  shows  that  the  ground  state  for  positive  t*  is  a  spin-singlet 
state  and  that  for  negative  t’  is  a  spin-triplet  one.  Special  kinds  of  hole  motions 
in  the  triangle  of  the  3  sites  generate  these  magnetic  states.  We  call  this  magnetic 


effect  the  triangle  effect  to  distinguish 
or  J '  . 

We  asserted  and  confirmed  that  the 

triangle  effect  survives  even  in  the  case 

of  large  systems.  We  examined  mainly  the 

one-dimensional  case  numerical ly [ 4 ] .  In 

Fig. 6  we  show  the  phase  diagram  for  a  9- 

site  system  in  the  plane  of  J/|t|  and 

2 

tVltl,  where  we  take  J*  as  J*  =  (t*/t)  J. 

We  found  a  region  of  S=1  (S;  the  total 

spin)  in  the  plane  of  t^<0  and  J>0  and  a 

region  of  S=S  -1  in  the  plane  of  t*>0 
max 

and  J<0.  We  examined  the  same  calculation 

for  systems  with  5  to  11  lattice  sites, 

and  found  that  the  shape  and  the  size  of 

these  regions  change  little.  It  suggests 

that  there  exists  a  local 

singlet  (triplet)  in  the  sea  of  a 

ferromagnetic  (singlet)  spins  for  t’>0  and 

J<0  (t*<0  and  J>0).  Analyzing  numerical 

wave  functions  in  detail  in  the  region  of 

S=S  -1,  we  confirmed  that  a  hole  and  a 
max 

short  singlet  pair  form  a  bound  state  or  a 


t  from  the  other  magnetic  effects  by  J  and 


Fig. 6  Phase  diagram  of  the  one-dimens iona I 
t-t*-J-J^  model  in  the  plane  of  J/|t|, 
where  J’=(tVt)^J.  There  are  two 
soliton  regions  of  S=1  and 
They  appear  by  the  triangle  effect. 
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soliton  and  move  as  a  whole.  This  soliton  appeared  due  to  the  triangular  effect 
mentioned  above.  The  hole  can  move  to  one  of  the  next-nearest-neighbor  site  by  two 
successive  hoppings  of  t  and  move  back  to  the  original  site  by  a  hopping  of  t^.  This 
hole  motion  is  essentially  the  same  as  that  in  the  triangle  lattice  mentioned  above, 
and  survives  in  large  systems  to  create  such  a  soliton. 

We  also  obtained  the  phase  diagram  in  the  two-dimensional  case.  We  found  the 
regions  of  S=1  and  again.  In  the  plane  of  t*>0  and  J>0,  however,  there 

appear  three  regions  with  S=0,  which  are  not  similar  to  the  one-dimensional  case. 
This  complex  structure  was  discussed  in  Ref. 5. 

§3.  Marginal  Fermi  Liquid  and  Superconductivity [ 6 ] 

It  is  well  known  that  many  of  the  normal  state  properties  are  unlike  those 

observed  in  any  other  metal  or  expected  for  a  Fermi-liquid.  The  electrical 

resistivity  p(T),  the  thermal  conductivity  k(T),  the  optical  conductivity  o((o),  the 

Raman  scattering  intensity  S((d),  tunnelling  conductance  as  a  function  of  voltage 

g{V),  the  nuclear  relaxation  rate  Tj^(T)  and  the  hall  coefficient  Ry(T),  are  all 

anomalous.  Except  for  the  temperature  dependence  of  R„(T),  they  are  also 

rl 

qualitatively  the  same  in  all  Cu-0  based  high  T^  compounds.  Very  recently  Varma  et. 
ai.llO]  have  shown  that  these  normal  state  anomalies  except  for  R^^  follow  from  a 

single  hypothesis  about  the  excitation  spectrum.  Such  state  described  by  the 

hypothesis  is  not  a  Fermi  liquid  in  its  exact  sense  but  a  marginal  Fermi  liquid, 
because  the  quasiparticles  therein  have  life  time  proportional  to  and 

r 

moreover  their  intensity  vanishes  at  £=6p,  where  e  and  Sp  are  their  energies  and  the 
Fermi  energy , respectively . 

In  contrast  to  the  normal  state,  the  superconductive  state  of  the  Cu-O's 
presents  few  qualitatively  new  phenomena.  London  penetration  depth  measurements  [9] 
yield  a  superfluid  density  which  approaches  zero  as  T-»0  with  zero  slope;  this  is 
consistent  with  s-wave  pairing.  A  direct  measurement  of  the  low  temperature  one- 
particle  spectrum  by  photoemission  [10]  is  consistent  with  an  unusually  large  gap: 
2A{0)/T^=8.  The  only  anomaly  discovered  [11]  is  the  absence  of  the  BCS  coherence 
peak  in  nuclear  relaxation  rate,  T^^  just  below  T^ ;  in  fact  Tj^^  sharply  decreases  in 
YBa2Cu30g_g  with  (dlnT^  VdlnT  . 

In  [6],  we  have  shown  that  the  excitation  spectrum  which  leads  to  the  normal 

state  anomalies  or  the  marginal  Fermi  liquid  also  leads  the  observed  behavior  of 

T,^.  We  have  also  shown  that  the  ratio  2A{0)/T  is  enhanced  while  at  the  same  time 
A  c 

the  mean-field  jump  specific  heat  is  reduced  when  compared  to 

traditional  superconductivity. 

Our  calculation  is  just  the  familiar  strong  coupling  modification  of  the  BCS 
theory;  only  the  spectrum  of  excitations  exchanged  by  the  electrons  is  unusual.  The 
hypothesis  [8]  about  the  excitation  in  the  normal  state  is  that  there  exists  a 
contribution  to  the  polarizability,  over  most  of  the  range  of  momentum,  both  for 
charge  and  spin  excitation  of  the  form 

Im  P(a,)  =  N(0)th((o/2T)  ,  Ul<(u^, 

=  0,  .  (8) 
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..  .s..„ti.uy  th.  ....  Phyic.  t.  -..t,...  th.  Bii..Kb...  .. 


s  I  «(«n*‘"in>"'*‘®nL 

,  >  -  _I1  +  -2.  tE  F(ii»„)  - -o  ,  ,1/2 

a.„  ”  <  1+^^  <  > 

,  u(e„+»„)+u(5n)  ,9) 

+  —  TE  F(iu.  )  - 2  ,  ,1/2  ’ 

0.^  “  <l+u  (^0,^))  ' 

where  Fdui^,)  is  given  by 

>-i  (10) 

F(i«i  )  =  (l/ir)  IdxImP(x)(iu)||j-x)  , 

m 

and  u(e„)  is  defined  in  ter.s  of  the  normal  and  the  pairing  self-energies  E,  and  E^ 


«  •  o  anA  \  is  the  contribution  of  the  pairing 

Here  n  denotes  the  Matsubara  frequencies,  and  is  the  con 

Here  n  Vnw  we  simply  assume  that 

aelf-energies  due  to  excitations  not  included  in  ( 8 ) .  Now  we  simp  y 

TmP(x)  in  the  superconducting  state  is  also  given  by  (2)  at  T-T^  whi 

frequency  contributions  with  .xKMO  diminish  at  T^O. 
solved 

;  firms  are  IthL  ted  ous%nS  should  be^eferred  to  the  original  paper  (61. 
explicit  forms  are  rather  t  The  normal  properties  suggest  that 

Here  we  only  give  some  of  the  numerical  results.  J  ^  T^90.110K. 

9  1  in^K  a  «3  and  1  “0.8  for  YBa-Cu-Og  g.  These  figures  le  c 

M  a2~3xl0  K,  n  2  3  6.  „  ^  g  The  experimental 

j§  /C  .0.64-0.70,  (dl»T;'/01nT)^^.2.a-3..,  .nd  2i„/T^.7 . 7.7 .9 

..L.^  to  b.  o..P.r.d  .r.  90X,  no.  .vnil.ble  (th.  BCS  ..lo.  f  l-43>. 

S4.  A  0..crlp.4on  of  the  Sup.roonduct In.  Ph...  of  Hl.b-T..p.r.tur.  Sop.rooodno.or. 

4.  ..id  th..  .nporoondnotlod  ptoportl..  of  HTS  o.n  b.  nor.  or  1...  .xpl.m.d 

in  th.  fr...-.rk  of  th.  oonv.n.lon.l  BCS  th.or,.  -kin,  .  olo..r  ; 

th.t  tb.r.  .r.  .1.0  oontrov.r.l.l  problo...  For  .x.-Pl.,  .ltho»«h  no 

h  Lt  L  Ju.t  boloK  T.T  .131  l.pl...  th.t  th.  ord.r  p.r„...r  t. 

.„h.no...nt  tn  1/T,  4  ...nn.ntl.l  t.np.r.tur.  d.p.nd.no.  of  th. 

.....tropic,  ..«.,  11.1  .ho..  th.t  th.  ord.r  p.r„...r  U 

nilropic,  i.e.,  nodeless.  Furthermore,  anomalous  temperature  dependence  of  the 

lower  critical  field  H  ^  has  recently  been  observed. [ 15)  uaeful 

understanding  the^nomalous  superconducting  properties  mentioned  above  is^usefu^ 

to  understand  HTS  completely.  We  thus  try  to  give  a  escrip 
superconducting  phase  of  HTS  consistent  with  the  observations.) 

It  has  been  found  that  H^,  suddenly  increases  below  a  tempepture  T^  (<T^) .  th  s 
implies  that  the  condensation  energy  abruptly  increases  below  T^.  ^ 

that  in  the  presence  of  two  attractive  forces,  such  as  s-  an  wav 

that  in  P  Dlace:  For  example,  the  normal  phase 

consecutive  superconducting  transitions  can  take  place  ( <T  )  s- 

is  first  condensed  into  the  d-wave  superconducting  phase  at  T=T^  and  at  -  ^ 

wave  component  is  added  to  the  d-wave  phase.  Since  with  the  second  transition 

.o„d.n..tlon  .n.r.F  .bmptlF  Inot......  1.  .1.0  .xpootod  to  Inor....  .bnoptlf. 
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Now,  if  the  pairing  interaction  dominantly  originates  from  an  attractive 
interaction  between  the  nearest  neighbor  sites,  it  is  given  by, 


v(p,p*)  =  5:  »  (  V  r_  r_i  +  v  n  ??  ,  )  , 

P»P  t  pp  Z/PP 


(  12) 


with  r  =cos  p  +  cos  p  ,  7)  =cos  p  -  cos  p  and  v  =»v  .  Similarly,  if  it  originates 
P  A  y  p  X  y  J  >] 

from  an  attractive  interaction  between  the  next  nearest  neighbor  sites,  it  is  given 
by, 


V(p,pM  =  E, 


P»P' 


<  ^  'p’ 


) 


(13) 


with  Cp=2  cos  p^  cos  p^  ,  9p=2  sin  p^  sin  p^  and  v In  both  cases  there  exist  s- 

(v^,  v^)  and  d-  (v^,  v^)  wave  attractive  forces.  We  thus  see  that  if  the  pairing 

interaction  originates  dominantly  from  near  neighbor  attractive  force,  the 

consecutive  superconducting  transitions  are  likely  to  occur. 

Furthermore,  we  have  found  that  if  the  normal  phase  is  assumed  to  be  first 

condensed  into  the  d-wave  phase  (A(p)=A„7?^  or  *  the  phase  below  t"*"  would  be 

V  P  9  P  c 

characterized  by  a  complex  order  parameter  (A(p)=A  7?  +  iAT  orAQ  +  i  AC), 

7]  p  -  IP  (f>^p  ~  ^p' 

i.e.,  d+is-phase;  this  phase  generally  has  no  nodes  in  the  excitation  energy  in 

contrast  to  the  d-wave  phase.  We  therefore  expect  that  just  below  T=T  there  is 

c 

little  enhancement  in  1/T, ,  because  the  order  parameter  is  of  the  d-wave  character, 
and  that  at  low  temperatures  (T<T^)  thermodynamic  quantities  follow  the  exponential 
temperature  dependence  as  in  the  case  of  the  conventional  BCS  superconductors;  these 
are  consistent  with  the  experimental  observations  in  HTS . 

In  the  present  model,  at  T=T^,  some  anomalies  will  also  appear  in  thermodynamic 
quantities  other  than  e.g.,  specific  heat  and  penetration  depth.  It  is  therefore 

helpful  to  make  a  closer  investigation  of  those  quantities  around  the  temperature 
where  suddenly  increases. 
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btparimtni  of  Physics,  Faculiy  of  Science,  Kyoto  University,  Kyoto  606,  Japan 


A  series  of  oUr  works  on  the  renormalized  fluctuation  theory  relevant  to  high  temperature 
superconductors  in  a  strong  iriagnetic  field  is  briefly  reviewed.  Simplified  expressions  for  the 
fluctuation  conductivities  are  given  to  fe^ilitate  comparisons  with  experimental  data. 

In  high  temperature  superconductors  (HTSC)  with  the  extremely  short  coherence  length  fluctuations  in  the 
superconducting  order  parameter  ijf  are  not  negligible  hear  the  transition  and  become  crucially  important  when 
enhanced  by  a  strong  magnetic  field.  While  in  ordinary  superconductors  the  so-called  Gaussian  theory  of  fluctuations 
suffice  at  least  for  bulk  samples,  it  badly  fails  to  account  for  the  broadening  of  the  transition  induced  by  the  field 
in  HTSC.  9  The  broadening  is  most  clealtly  seen  in  resistivity^^  but  also  present  in  specific  heat  and  magnetization 
data.^)’^^To  describe  large  fluctuations  with  1-dimensional  character  imposed  by  the  field,  we  have  to  keep  the  non¬ 
linear  term  ocj  tp  in  the  GL  free  energy  functional  and  hence  to  develop  the  non-Gaussian  theory  of  superconducting 
fluctuation. 

We  first  calculated  the  fluctuation  conductivity  by  means  of  a  theory  in  which  we  treated  the  vertex  part  pertur- 
bationally  and  renormalized  the  self-energy  part  of  the  correlation  function  <  >.®)  The  agreement  of  our 

theoretical  results  with  the  observed  data  is  satisfactory  as  can  be  seen  from  Fig.l.®)  The  theory  correctly  predicted 
that  the  same  broadening  of  the  transition  should  be  observed  in  both  geometries,  arid  B/ /I,  where  I  is  measuring 
current.^)  This  is  difficult  to  explain  on  the  basis  of  the  flux  creep  theory. 

According  to  the  theory  ,  the  bare  mass  pio  =  ln(T/T<i))  -f  h  ^  T  —  Tch  is  renormalized  to  through  a  relation 


g  <x  B  '  ^ 


(1) 


where  we  have  used  the  notations  given  in  ref.S.  This  relation  is  valid  and  universal  as  long  as  the  lowest  Landau 
levels  are  dominant,  and  expresses  the  scaling  rdation  T  —  ~  which  has  been  noticed  by  many  experimental 

groups. In  ref, 5^  the  function  /(*)  was  obtained  perWrbationally,  i^e.,  as  a  power  series  in  x.  Subsequently  we  have 
tried  to  extend  the  theory  to  lower  temperatures  by  the  method  of  Fade  approximants  and  by  a  partial  resummation 
approximation  (called  SPH)  similar  to  RPA.®)  The  results  of  the  resistivity®)  are  illustrated  in  Fig.2,  where  the 
contributions  of  higher  Landau  levels  are  neglected  as  a  reasonable  approximation  at  lower  temperatures.  In  addition 
to  the  resistivity  we  have  studied  the  specific  heat  and  the  correlation  function  <(  tlj{x)  p|  V'(O)  |^>  which  should 
reflect  the  short  range  order  corresponding  to  Abrikosov  flux  lattice. 
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Concerning  the  conductivities  we  would  like  to  mention  following  interesting  points.  According  to  our  calculation 
the  resistivity  p//(=  (T/"/)  decreases  with  T  more  rapidly  than  pj.(=  for  the  same  value  of  B,  in  agreement  with 
the  dala.2).s)  Moreover,  the  curves  of  px(T)  have  an  inflection®)  as  T  is  lowered  and  seem  to  go  over  smoothly  to  one 
obtained  from  the  model  of  a  uniformly  sliding  flux  lattice®)  as  seen  in  Fig.2.  In  good  samples  the  effect  of  pinnings 
apparently  sets  in  below  the  temperature  of  this  cross-over,  making  px(T)  to  vanish  exponentially.  This  seems  to 
explain  the  shoulder  (or  knee)  in  pi.{T)  curves  observed  in  good  quality  samples  and  also  its  absence  in  Pii{T)}'> 
Possible  effects  of  pinnings  on  the  fluctuation  conductivities  are  an  interesting  problem  for  future  works. 


Since  our  expressions  for  the  fluctuation  conductivities  are  fairly  complicated,  we  would  like  to  present  following 
simplified  formula  in  order  to  facilitate  comparisons  with  experimental  data.  When  we  neglect  the  vertex  correction 
in  the  Kubo  formula  and  assume  that  the  renormalized  mass  for  the  n-th  Landau  level  is  simply  approximated  by 
liji  -p  2n/i,  we  get 


<TX^ 


+  /n  + /n+l 


(2) 


v/here'  _ ^ _ _ _ _  ,  • 

/„  =  1/ -P  2nh)  (1  -I-  2»A))  (4) 

To  relate  the  renormalized  mass  /ir  in  these  expressions  to  /lo.  i-e.,  to  T-  TcR,  we  give  in  Fig.3  a  solution 

which  we  calculated  with  the  SPH  approximation.®)  Since,  as  noted  before,  this  relation  between  *  and  is 

universal  to  a  good  approximation,  one  has  only  to  scale  the  Variables  appropriately  for  individual  cases. 

To  conclude  this  report  we  would  like  to  mention  another  work^®)  related  to  the  subject.  It  seems  to  be  more 
convenient  at  low  temperatures  to  start  with  the  mean  field  solution  of  the  flux  lattice  and,  for  instance,  to  consider  its 
melting.  As  is  well  known,  the  Abrikosov’s  solution  possesses  soft  modes  which  are  obviously  important  for  stability  of 
the  lattice.  The  solution  is,  however,  constructed  by  a  superposition  of  the  lowest  Landau  level  and  hence  approximate. 
Therefore,  one  suspects  that  the  soft  modes  are  also  a  consequence  of  using  only  the  degenerate  lowest  Landau  level 
to  start  with.  We  have  proved  that,  even  when  we  include  higher  Landau  levels  and  also  consider  coupling  with  the 
gauge  field,  there  still  exist  the  soft  modes.  Assuming  the  flux  lattice  state  does  take  place,  one  would  expect  the  soft 
modes  to  be  important  for  its  melting.  More  generally,  effects  of  fluctuations  in  the  flux  lattice  state  are  yet  to  be 

studied. 
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A  time  reversal  breaking  superconductor  has  been  investigated  in  the  region  of  a  domain  wall  and  at  the 
surface.  The  finite  local  magnetization  found  at  these  inhomogeneities  yields  a  small  paramagnetic  response 
via  a  movement  of  domain  walls  in  an  external  field.  We  examined  line  defects  in  the  domain  walls  which  are 
vortices  enclosing  a  fraction  of  the  standard  magnetic  flux  quantum. 


Experiments  in  the  low  magnetic  field  region  -  the  externally  applied  field  is  well  below  the  lower  critical  field 
experimentally  reported  -  show  an  unusual  behavior  in  several  High-Tc,  organic  and  heavy  Fermion  superconductors.  Mota 
and  co-workers  discovered  a  smaU  paramagnetic  response,  i.e.;  a  slow  and  continuous  penetration  of  magnetic  flux  in  these 
systems  under  a  small  external  field  [1].  These  experiments  have  been  the  motivation  to  study  the  magnetic  properties  of 
time-reversal  symmetry  breaking  superconductors  in  detail  (noticed  already  by  Volovik  and  Gor  kov  [2])[3]. 

We  concentrate  on  the  simplest  non-trivial  example  of  an  anisotropic  superconductor  which  belongs  to  the  2-dim.  repre¬ 
sentation  of  the  tetragonal  point  group  D4)..  The  Ginzburg-Landau  free  energy  has  the  general  form 


/dM-5(i«p+kn+(?+l^2)n“p  +  wi")"  +  5^2(u*t<-uu')"-t-i/?3(iui  -M 
4'7r  J 

-l-l:i(|diul"  -t-  IdjUp)  +  -t-  |djUp)  +  ^'3{(dxU)“(dj,u)  +  (dyu)  (dj:V)  -f  c.c.} 


(1) 


ki{\dzu\'^  +  M.t'P)  + 

where  dimensionless  units  are  used  with  the  coherence  length  f  of  the  basal  plane  as  length  scale  and  the  vector  potential 
a  =  A/\/2Hc5  (<5:  London  penetration  depth,  ic  =  6/0  defining  the  magnetic  field  as  b  =  V  x  a.  The  gradient  is 
d  =  V  -  ia.  The  coefficients  0,  and  k,  are  real  (^,  -h  fcj  =  1).  If  we  assume  4/?,  >  0,  and  02  >  0  the  homogeneous  solution 
of  the  Ginzburg-Landau  equations  is  the  time-reversal  breaking  phase  (u,  u)  =  (1.  with  the  even  parity  gap-function 

A(k)  «  idykAkx  ±  iky)  which  is  two  fold  degenerate. 


Magnetic  properties  of  that  type  of  superconducting  phase  can  be  illustrated  by  considering  a  domain  wall  between 
.  the  two  degenerate  states  [2].  For  that  reason  we  analyse  the  simple  situation  determined  by  the  boundary  conditions 
(u,u)  —  (l,±i)  for  I  —  ±00  which  lead  to  a  one  dimensional  problem  where  the  domain  wall  position  can  be  fixed  at 
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a:  =  0.  Under  the  assumption  |u|  «  |v|  -  this  is  justified  in  the  case  /?2  ^  A  -  we  obtain  the  approximate  solution  for  the 
order  parameter 


|u(z)|  «  1- 


4/?2 


cosh^(\/2^a:/f) 


7(x)  w  axcsin(tanh( 


(2) 


where  7  is  defined  by  (u,  u)  =  |tz|(l,e*^)  and  f  is  the  thickness  of  the  domain  wall  (=  The  order  parameter 

is  slightly  suppressed  at  x  =  0.  The  loss  of  superconducting  condensation  energy  leads  to  a  positive  domain  wall  energy. 
Thus  the  existence  of  a  domain  wall  in  a  superconductor  is  only  justified  by  the  supposition  that  they  are  generated  during 
the  superconducting  phase  transition  and  then  pinned  at  defects  of  the  crystal  lattice. 

From  the  London  equation  derived  from  Eq.(l)  by  variation  with  respect  to  a  we  find  a  persistent  current  flowing  in 
the  domain  wall  homogeneously  in  y-direction.  It  induces  a  magnetic  field  b  =  (0,0,6)  with  opposite  sign  on  the  two 
sides  which  is  screened  within  the  London  penetration  depth  towards  the  bulk  region  due  to  diamagnetic  supercurrents 
oppositely  directed  (Fig.  1).  Because  the  local  magnetizations  on  both  sides  cancels  each  other  exactly  there  is  no  net 
magnetization  due  to  this  eflfect. 


Fig.  1:  Magnetic  field  and  current  at  the  domain  wall:  1.  magnetic  field  6:  odd  function  of  x;  2.  current 
distribution  -jy'.  even  function  of  x. 


The  structure  of  the  domain  wall  considered  is  degenerate.  Beside  the  solution  in  Eq.(2)  where  7  passes  from  — 7r/2  to 
+  7r/2  through  7  =  0,  there  exists  an  equivaJent  way  through  7  =  tt.  This  two  ^fnirtures,  if  present  in  a  domain  wall,  are 
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separated  by  a  line  defect  similar  to  a  Bloch  line  in  a  ferromagnetic  domain  wall.  The  topological  structure  of  this  line 
defect  -  7  is  winding  once  around  the  tine  -  bears  a  magnetic  flux  quantization  which  is  shifted  compared  to  the  standard 
quantization  (^o*  standard  flux  quantum). 

$  «  +  ^'2) 

where  0  <  <  1  and  n  is  an  integer  number.  Gonsequentely,  the  minimal  flux  quantum  is  smaller  than  Oq:  ^  « 

±k2^o,±{l  -  k2)^o>  In  the  case  k  >  |  >  1  the  line  energy  can  be  calculated  easily  considering  only  the  contribution  of 

the  field  and  the  kinetic  energy  =  ^2^0)* 

i  =  ^fc2[^2ln/c  +  (1  - 

27r 

which  leads  to  a  critical  field  h  =  which  is  lower  than  the  usual  lower  critical  field  hd  =  lnK/2/c^  for  conventional 

vortices.  The  structure  of  this  type  of  vortex  do  not  include  a  normal  core.  Only  one  component  of  the  order  parameter 
has  to  vanish  in  the  center  to  ensure  topological  stability. 

The  fluxes  of  two  consecutive  line  defects  on  a  domain  wall  add  to  an  integer  flux  quantum  of  $o,  since  there  is  no  net 
winding  around  the  two  lines.  Therefore  a  splitting  of  a  conventional  vortex  on  a  domain  wall  into  two  fractional  vortices 
is  possible  and  lead  to  an  energy  gain  As  =  -Airk,(l  -  A  similar  effect  could  happen  also  with  vortices  in  the 

bulk  region  giving  rise  to  a  splitted  vortex  structure  with  no  normal  core  as  presented  by  several  authors  [4]. 

The  surface  of  an  anisotropic  superconductor  is  also  a  region  where  the  order  parameter  has  some  spatial  variation 
due  to  the  non-trivial  reflection  properties  of  the  anisotropic  Cooper  pairs.  We  formulate  the  boundary  conditions  of  the 
Ginzburg- Landau  equations  taking  into  account  that  the  symmetry  lowering  at  the  surface  allowes  to  add  some  further 
second  order  terms  to  the  Ginzburg-Landau  free  energy.  For  the  example  of  a  plane  surface  perpendicular  to  the  y-axis 
the  surface  symmetry  is  C2v{y)  C  yielding  the  terms 

F,,  =  j  dMffi(|wP  +  I^P)  +  “  |wP)]'5(!/) 

where  the  gi  ate  real  coefficients.  For  simplicity  we  consider  the  case  of  a  specularly  reflecting  surface  choosing  gi  - 
Thus  the  component  |u|  remains  constant,  whereas  |u|  obeys  the  following  equations  in  one  dimension  (neglecting  the 

vector  potential). 

^M-(-2a(M-Hn  =  o 

^5'"  (6) 

(l:i^|v| -t- 2<?i|v|)|y=o  =  0 

with  a  =  {1+402  -  03)lSki.  The  first  equation  is  the  Ginzburg-Landau  equation  of  |v|.  The  second  is  the  boundary 
condition  derived  from  Eq.(l)  and  (5).  The  solution  is  rather  simple 

|u|  =  tanh(a(y  -  yo))  with  2at/o  =  atsinMWPi)  (7) 

Similarly  to  the  domain  waU  a  persistent  current  parallel  to  the  surface  is  driven  by  this  spatial  dependence  of  the  order 
parameter  as  easily  is  found  by  analysing  the  London  equation. 


362 


.  _  kz  asin7 

2«:^cosh^(Q;(!/ -  j/o)) 

The  induced  magnetic  field  b  =  (0,0,6)  is  again  screened  towards  the  bulk  region.  However,  contrary  to  the  domain  wall 
the  total  magnetization  is  finite:  ^  y/2kzsinyEc^/K,  per  unit  surface  area.  Even  a  single  domain  superconducting 

sample  would  therefore  possess  a  finite  total  magnetization  Ec5/aK,  where  a  is  the  sample  size. 

In  a  multi  domain  sample  surface  magnetizations  of  neighboring  domains  have  opposite  sign.  An  external  magnetic 
field  leads  to  a  difference  of  the  energy  density  g  =  f  -  2/c^b  in  the  two  domains.  The  total  energy  can  be  lowered 
by  a  movement  of  the  domain  wall  between  them  enlarging  the  domain  with  the  surface  magnetization  parallel  to  the 
^-component  of  the  external  field  (Fig.  2).  Since  the  domain  wall  is  pinned  at  defects  this  movement  is  rather  slow  and 
mainly  determined  by  thermal  activation  processes. 


*^ext 

o  o  o 


Fig,  2:  Paramagnetic  response  of  the  superconductor  via  a  domain  wall  movement  due  to  different  surface 
magnetization  in  neighboring  domains  (DW:  domain  wall;  Sf:  surface). 

The  occurrence  of  local  magnetization  at  the  domain  w^all  and  at  the  surface  can  be  traced  to  the  existence  of  a  finite 
magnetic  moment  of  the  Cooper  pairs.  In  the  example  considered  here  this  moment  is  alligned  with  the  z-axls.  In  the  bulk 
region  this  magnetic  moment  is  screened  due  to  the  Meissner  effect  of  the  superconductor.  However,  at  inhomogeneities  of 
the  superconducting  phase  it  has  to  appear  because  of  imperfect  screening  or  mismatch  of  the  screening  length  scale  6  and 
the  coherence  length  of  the  order  parameter. 
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Summarizing,  the  magnetic  properties  of  a  time-reversal  breaking  superconducting  phase  become  obvious  at  inhomo- 
geneities  of  the  order  parameter.  We  have  found  that  in  multi  component  superconductors  also  various  structures  of 
vortices  are  possible.  Especially,  on  the  domain  waU  vortices  with  a  flux  quantum  lower  than  the  conventional  one  can 
occur.  Finaly.  a  finite  surface  magnetization  can  yield  a  small  paramagnetic  response  and  gives  a  possible  mechanism  which 
could  explain  the  observation  mentioned  initially. 
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Numerical  results  from  Monte  Carlo  simulation  in  the  ground  state  and  at 
finite  temperatures  as  well  as  the  exact  diagonalization  and  the  transfer  ma¬ 
trix  method  obtained  at  our  group  are  reviewed.  Perturbational  treatments 
of  the  coupled  spin-fermion  model  are  also  summarized. 

§1.  Quantum  Monte  Carlo  Simulation*! 

Recently  developed  Monte  Carlo  algorithm  for  low  temperature  properties  of  lat¬ 
tice  fermion  models^-*!  has  been  examined  extensively.  Efficiency  and  applicable  range 
of  parameters  are  investigated  in  detail. 

The  Hubbard  model  defined  by  the  Hamiltonian 

^  =  -t  X]  +  4<rCi<T) 

+  (1) 

I 

has  been  investigated  by  using  this  newly  developed  algorithm.  We  have  obtained 
following  properties  of  the  Hubbard  model  on  a  square  lattice. 

i)  Magnetic  property 

The  ground  state  Monte  Carlo  results  show  that  the  presumable  long  range  antiferro¬ 
magnetic  order  in  the  half-filled  system  is  drastically  suppressed  away  from  the  half¬ 
filling  and  show  the  short-ranged  incommensurate  correlation  in  the  Fourier  transform 
of  the  equal  time  spin-spin  correlation.  The  incommensurate  correlation  increases  with 
the  increase  of  U .  It,  however,  seems  to  remain  quite  short  ranged. 

ii) Superconducting  correlation 

In  the  ground  state  of  the  Hubbard  model,  we  do  not  have  numerical  data  to  support 
the  tendency  to  a  superconducting  state.  It  raises  a  serious  doubt  on  the  relevance  of 
the  Hubbard  model  as  a  model  for  the  high-Tc  superconductivity. 

§2.  One-Dimensional  t  —  J  Model*’*! 

The  superconducting  and  magnetic  correlation  of  the  one-dimensional  t  -  J  model 
defined  by 


<»i> 


-uY^SfS,, 


<»/> 


(2) 
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has  been  investigated  by  the  checker  board  Monte  Carlo  method  and  the  real  space 
transfer  matrix  method.  In  the  doped  systems,  magnetic  correlation  shows  incom^ 
mensurate  peak  for  small  J/t  similarly  to  the  Hubbard  modd.  The  supercondh'ctihg 
correlation  is  small  in  this  parameter  space.  However,  the  supterConducting  correlatioh 
shows  striking  enhancement  at  low  temperatures  when  one  increases  the  ratio  J ft.  This 
seems  to  be  consistent  with  the  attractive  interaction  of  two  holes  observed  for  large 
J/t  in  the  exact  diagonalization  study. 

§3.  Perturbational  Treatment  of  Coupled  Spin-Fermion  Model^^ 

The  coupled  spin-fermion  model  is  defined  from 

H  =  -i  +Sv^) 

<i,i>  <»./>, 

+J5  y]  (3) 

<I,m> 


where 


We  have  applied  the  pertuibational  method  using  the  diagrammatic  expansion  with 
respect  to  Jk  and  Jj^,  For  the  Heisenberg  spin  systems,  spin- wave  approximation 
has  been  employed.  The  logarithmic  singularity  appears  in  the  fermion  self-energy  in 
the  order  of  The  logarithmic  divergence  comes  from  the  coupling  of  fermions  to 
long-wave-length  mode  of  the  spin  wave  excitation  in  two-dimension.  This  divergence 
indicates  that  a  doped  fermion  forms  a  localized  state  s<^lf- trapped  by  the  distortion 
of  spins.  When  the  fermion  concentration  is  increased,  the  doped  fermions  remains  lo¬ 
calized  until  a  critical  concentration  <5^,  Above  the  critical  concentration,  there  seems 
to  be  a  region  where  the  fermi  liquid  with  small  fermi  surface  coexists  with  the  anti- 
ferromagnetic  order  of  Heisenberg  spins,  if  the  Kondo  coupling  is  small  enough.  The 
self-trapped  state  of  fermions  and  spins  in  the  low  doping  region  might  have  some 
relevance  in  the  optical  and  photoemission  experiments.  In  particular,  we  expect  a 
peak  of  the  frequency  dependent  optical  conductivity  within  the  charge  transfer  gap. 
This  seems  to  be  consistent  with  the  mid-infrared  peak  observed  in  the  experiments  of 
high-Tc  oxides.®*®^ 

§4.  On  the  Possibility  of  TP  Symmetry  Breaking  with  Chiral  Spin  and/or  Flux  Order^^ 


The  possibility  of  chiral  symmetry  breaking  and  the  flux  state  is  examined  in 
frustrated  and  non-frustrated  quantum  spin  systems.  The  spin-1/2  Heisenberg  model 
is  defined  by  the  Hamiltonian 


H  =  -2J  Y 

(4) 

<i.}> 

The  chirality  defined  by 

cij3  =  5i  •  (5j  X  53) 

(5) 
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on  the  unit  triangle  has  been  examined  to  investigate  the  possibility  of  time  reversal 
and  parity  symmetry  breaking  and  hence  fractional  statistics.  The  fluctuation  of  the 
chirality  has  been  calculated  in  the  exact  diagonalization  of  finite  systems  with  the 
railroad  trestle  extrapolation  to  the  thermodynamic  limit.  The  numerical  data  show 
that  the  chiral  symmetry  breaking  is  unlikely  both  on  square  and  triangular  lattice. 

The  chirality  correlation  shows  similar  behavior  even  when  the  next  nearest  neigh¬ 
bor  exchange  coupling  J'  has  the  same  strength  with  the  nearest  neighbor  coupling  J 
on  the  triangular  lattice.  The  square  lattice  with  the  next  nearest  neighbor  interac¬ 
tion  J'  =  J/2  also  shows  similar  behavior.  It  indicates  that  regularly  frustrated  spin 
systems  with  the  ordinary  form  of  Heisenberg  exchange  coupling  is  not  likely  to  show 
the  chiral  order.  Similarly  the  correlation  of  the  flux  does  not  seem  to  show  growth 
with  the  increase  of  system  size  in  the  two-dimensional  Hubbard  model  at  =  4  away 
from  the  half-filling.  At  this  moment,  we  have  no  data  supporting  the  appearance  of 
the  time  reversal  and  the  parity  symmetry  broken  state  in  realistic  models  of  high-Tc 
oxides. 
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Single  hole  propagation  doped  into  a  quantum  antiferromagnet  is  studied  taking  into  account  the  effect 
of  finite  exchange  interaction  up  to  the  first  order  among  antiferromagnetic  spin  background.  Both  even 
and  odd  moments  of  the  hole  density  of  states  are  evaluated  up  to  8th  order  based  on  the  spin  wave 
approximation  including  the  effect  of  local  spin  relaxation  around  the  hole.  The  results  of  the  lower 
order  moments  suggest  the  existence  of  the  string  effect,  which  leads  to  the  hole  localization  in  the  small 
concentration  region. 


Behavior  of  the  small  concentration  of  holes  doped  in  a  half-filled  antiferromagnetic  Mott  insulator  is  important 
since  a  lot  of  physical  properties  of  high- Tc  superconductors  are  subject  to  the  behavior  of  these  holes.  Current  high-T^ 
copper  oxide  compounds  are  characterized  by  their  relatively  large  exchange  interaction  J  among  the  background  spin 
system.  Therefore  the  finite  J  correction  is  very  important  in  this  case.  As  a  generalization  of  the  moment  expansion 
treatment  by  Nagaoka  [1]  and  Brinkman  and  Rice  [2],  Takahashi  [3]  treated  the  finite  J  effect  of  a  single  hole  assuming 
the  simple  antiferromagnetic  Ising  spin  configuration.  Hirsch  [4]  also  discussed  the  same  problem  in  a  somewhat  different 
model.  These  studies  suggest  the  existence  of  the  string  effect,  f.e.,  exchange  energy  cost  increases  with  the  hopping 
distance  of  a  hole  from  the  origin.  Subsequent  works  dealing  with  the  finite  J  effect  [5-11],  however,  questioned  the 
existence  of  the  string  effect.  It  was  argued  that  the  hole  actually  propagates  through  the  crystal,  but  the  effective  band 
width  is  greatly  reduced  to  be  of  the  order  of  J.  It  was  also  argued  that  the  exchange  energy  cost  by  the  hole  in  the 
resonating  valence  bond  (RVB)  [12]  state  is  much  smaller  than  that  in  the  antiferromagnetic  (AF)  state,  which  will  favor 
the  stabilization  of  the  RVB  state  against  AF  state  by  hole  doping.  The  purpose  of  the  present  work  is  to  clarify  these 
points  by  extending  our  work  [13-16]  by  taking  into  account  the  effect  of  finite  J  correction  on  the  hole  propagation 
based  on  the  moment  expansion  method.  We  can  show  that  the  moments  of  the  hole  density  of  states  are  evaluated 
from  the  multi-spin  correlation  functions  [15-17].  From  the  recent  numerical  Monte  Carlo  simulation  [18],  the  spin  wave 
approximation  wcis  found  to  give  a  good  estimate  of  the  ground  state  energy  and  the  spontaneous  magnetization  of  the 
.9  =  1/2  2D  Heisenberg  antiferromagnet.  According  to  our  previous  work  [16],  we  estimate  these  higher  spin  correlation 
functions  based  on  the  spin  wave  approximation. 

We  study  here  the  following  i-J  model: 


H  =  Ho + 

Ho  =  ■  S;  -  PiPi/i),  Hi  =  -t'^clcj^.  (1) 

ij  ij  <J 

where  is  an  electron  annihilation  (creation)  operator  on  i-th  lattice  site  with  cr-spin  direction  and  the  summation 

on  i,j  is  over  all  the  lattice  sites  which  are  nearest  neighbor  with  each  other.  We  solve  the  Hamiltonian  (1)  in  terms 
of  the  continued  fraction  method.  Starting  from  an  initial  wave  function  we  successively  introduce  an  orthonormal 
wave  function  (71  >  0)  by 


61 =  H 4)0-  ao4)Q 
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^n  +  l^n+1  —  ^n0n  — I 


The  coefficients  and  bn  are  related  to  the  moments: 


(2) 


(^oK^o  +  =  {H^)  +  +  •  •  • 

where  ('  •  •)  is  the  expectation  value  with  respect  to  ipQ.  If  the  initial  wave  function  rpo  is  not  the  real  eigenstate  of 
Ho,  we  can  define  higher  order  wave  functions  even  in  the  absence  of  the  term  Hi,  which  serve  us  to  find  the  exact 
ground  state  energy  of  Hq.  Then  we  have  to  treat  the  terms  such  as  (Hq)  which  are  in  general  not  equal  to  ag.  Because 
ciQ  is  a  macroscopic  quantity,  i.e.the  exchange  energy  of  the  total  system,  we  cannot  discard  the  difference,  (^o  )  ~  “o- 
VVe  are  however  not  interested  in  the  eigenvalue  problem  of  Hq,  We  are  rather  interested  in  the  coupled  effect  arising 
form  both  Hq  and  Hi.  In  order  to  bypass  complexities  related  to  the  eigenvalue  problem  of  Hq,  we  assume  that  is 
the  eigenstate  of  Hq  with  the  eigenvalue  ao,  i.e.,  HqxI^q  =  and  all  the  energies  are  measured  relative  to  the  exact 

eigenvalue  ao  of  Hq  which  is  assumed  to  be  given.  The  moments  we  evaluate  here  are  defined  by 

An  =  {(H-aor),  (3) 

and  the  diagonal  element  Un  in  eq.(3)  is  given  by 

an  =  -  ao)l^„)  (4) 

The  coefficient  ao  no  longer  appears  in  the  formalism  and  allThe  coefficients  an  and  bn  are  of  the  order  0(1).  For 
example  with  the  use  of  the  following  relations: 

(ff}  =  ao 

=  + 

(//*)  =  al  +  2ao(H^}  +  =  ag  +  3ao(^r?)  +  {H,[Ho,Hx\) 

the  first  non- trivial  odd  moment  Az  is  evaluated  as  follows: 

{{H  -  ao)®)  =  {H^)  -  Uo{H^)  +  3al{H)  -  ag  =  H,]) 

In  the  present  nearest  neighbor  hopping  model,  the  diagonal  coefficients  On  is  an  odd  function  of  J  and  proportional  to 
J  for  small  J  value,  whereas  is  an  even  function  of  J.  Up  to  the  first  order  of  J,  moments  are  given  by 

Ai  =0 

.43  =  =  a,b\ 

A,  =  {Ht)  =  blibl+bl) 

Ai  =  +  (/rgFp'ffi)}  =  bl{bla2+2(bl  +  6g)a,} 

Ai  =  {Ht)=bl{blbl  +  (bl  +  blf} 

Ay  =  Re{5(fff 

=  6j[6g6ga3  +  26^(63  +  6g  +  6j)a2  +  {26|6g  +  3(6,  +  6g)^}ai] 

As  =  {Ht)  =  b\{blbl{bl  +  bl+  26g  +  2bl)  +  (6g  +  6^)3}  (5) 

where  Re  means  the  reed  part  and  is  defined  as  the  commutation  relation; 

=  [Ho,  H,] 
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In  eq.  (6)  the  summation  of  S  is  over  the  nearest  neighbor  sites  of  k  and  /.  However  both  k  6  =  I  and  { 6  -  k 
are  excluded  because  of  the  electron  double  occupancy  prohibition.  In  the  present  treatment  since  we  only  deal  with 
the  first  order  correction  with  respect  to  the  odd  moment  A2n+\  is  proportional  to  In  the  following  we 

assume  energy  units,  t  =  1,  and  introduce  the  parameter  a  =  J/|  -  to  characterize  the  magnitude  of  the  exchange 
term.  Since  the  operator  represent  an  electron  hopping  process,  odd  moments  are  expressed  as  the  sum  of  various 
hopping  processes  which  starts  from  the  origin  and  after  several  steps  returns  to  the  origin  again.  From  the  simple 
operator  algebra  and  the  singly  occupied  electron  constraint,  we  can  show  that  contributions  from  these  paths  reduce 
to  the  evaluation  of  various  multi-spin  correlation  functions  in  the  ground  state  [19]. 

We  have  evaluated  pair  spin  correlation  functions  in  the  spin  wave  approximation.  Multi-spin  correlation 
functions  are  estimated  by  using  the  decoupling  approximation  (see  [16]  for  details).  The  effect  of  the  quantum  spin 
fluctuations  is  taken  into  account  by  the  spin  wave  approximation  down  to  the  order  5°  and  the  effect  of  local  defect 
(the  absence  of  the  spin  on  the  origin)  is  also  treated  in  the  same  approximation.  Both  of  even  and  odd  moments 
Any  parameters  a„  and  bl  are  shown  in  Table  I.  We  also  evaluated  individual  contributions  from  retraceable  and  non- 
retraceable  paths  for  A2n+i  and  fln  separately.  The  values  of  a„  are  sensitive  to  the  distant  spin  pair  correlations.  For 
comparison  we  have  estimated  the  values  of  ai  and  03  for  nearest  neighbor  RVB  wave  function  of  the  finite  32-site 
cluster  with  two  holon  with  the  periodic  boundary  condition  [14].  Here  four  spin  correlations  ((Si  •  S2)(S3  •  S4))  are 
evaluated  in  terms  of  pair  correlations  by  the  decoupling  approximation: 

((Si  •  S2)(S3  •  S4))  =  (Si  •  S2)(S3  •  S4)  -h  ^{(Sl  •  S3)(S2  •  S4)  -I-  (Si  •  S4)(S2  '  S3)} 

The  result  is:  ai  =  2.53  and  03  =  5.01.  The  smaller  value  of  these  values  are  derived  from  the  short  spin  correlation 
of  the  RVB  state.  The  effect  of  the  spin  relaxation  due  to  the  defect  is  found  to  be  relatively  small,  but  we  see  the 
tendency  approaching  towards  the  RVB  limit. 


Table  I  Moments  and  coefficients  of  continued  fraction  expansion  coefficient  ai  and  6/  in  the  case  without 
defect.  Retraceable  path  contribution,  ap^  is  given  in  the  parenthesis. 


/ 

A21-1/CX 

A21 

ai  K'‘) 

bl 

1 

0 

4 

3.1669  (  3.1669) 

4 

2 

3.167 

26.248 

5.8459  (  7.2629) 

2.5621 

3 

56.541 

200.67 

9.1533  (14.3553) 

2.7738 

4 

798.83 

1652.52 

2.4734 

The  most  dominant  contributions  to  A2n+i  come  from  retraceable  paths.  When  we  evaluate  an  by  eq.(5), 
these  terms  however  cancel  with  each  other  and  non- retraceable  path  contributions  have  the  sizable  weight  in  0^. 
The  magnitude  of  the  retraceable  contribution  to  a„  increases  faster  than  the  linear  n-dependence  with  increasing  n. 
However  the  sum  of  both  contributions  seems  to  increase  linearly  with  n  at  least  for  small  n.  Due  to  the  quantum  spin 
fluctuations  retraceable  path  contributions  are  enhanced  as  compared  with  the  case  of  Ising  spin  alignment.  This  effect 
is  compensated  by  the  negative  non- retraceable  path  contributions.  The  resultant  ui,  for  example,  for  AF  has  nearly 
the  same  value  as  the  Ising  case. 

The  continued  fraction  representation  amounts  to  transforming  the  original  Hamiltonian  matrix  into  a  tridiag¬ 
onal  one.  If  we  represent  the  eigenfunction  of  H  by  the  superposition  of  V'n* 


n 


the  original  eigenvalue  problem  is  transformed  into  the  following  matrix  form. 


/do  *1 
bl  Ui  62 

62  <32  ^3 

\ 


(7) 


(8) 
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(9) 


In  the  preceding  section,  we  have  shown  that  the  coefficients  an  behave  as 

an  =  qon  +  qi 

If  we  assume  eq.(9)  for  larger  n,  the  problem  is  reduced  to  solving  the  electronic  states  on  the  Bethe  lattice. 
In  order  to  see  the  effect  of  diagonal  terms  we  have  numerically  diagonalized  the  tridiagonal  matrix  of  dimension  N 
by  assuming  the  diagonal  elements  given  by  eq.  (8)  with  qo  =  3a,  =  0.  For  subdiagonal  elements  bn  for  n  <  4  we 

employed  the  values  listed  in  Table  I  and  assumed  bn  =  b^  for  n  >  4.  We  checked  that  the  band  width  for  the  case 
of  a  =  0  well  reproduces  our  previous  estimate  \eo/4:t\  =  0.79  [16].  The  lowest  energy  level  £ro(<^)  increases  with  a 
according  to 

'  -  ^o(O)  a  a^ 

with  i3  —  0.65  ~  0.7,  which  agrees  with  [7]  for  the  Ising  spin  configuration.  The  presence  of  the  diagonal  terms  has  a 
significant  effect  on  the  energy  spectrum  of  the  system.  When  a  =  0  (J  =  0),  minimum  energy  separation  Synin  between 
a  pair  of  neighboring  levels, 

decreases  with  increasing  N,  and  energy  levels  form  continuous  spectrum  for  infinite  N.  In  this  model  minimum  value 
of  Si,  occurs  at  the  band  edges.  The  behavior  of  Smin  oc  N~^  with  p  >  1  reflects  the  divergent  behavior  of  the  density  of 
states.  On  the  other  hand,  in  the  case  of  finite  a  converges  to  a  finite  value  of  about  qo.  Although  eigenvalues  of 
eq.(8)  extend  to  higher  energies,  the  overlap  of  V-'o  with  these  eigenstates  becomes  extremely  small  above  some  energy 
.  s,.-  We  can  therefore  define  an  effective  band  width  W  by  Sc  Co-  Then  we  found  W  remains  nearly  unchanged.  This 
means  that  continuous  energy  spectrum  of  the  system  becomes  a  finite  number  (~  W/qo)  of  discrete  levels.  It  follows 
then  that  the  local  density  of  states  consists  of  a  number  of  delta- functions,  i.e., 

V 

The  value  of  |coi/|“  is  negligible  for  —  So  >  W,  the  band  width  {W  ~  6.1^).  When  diagonal  term  increases  with  n  and 
becomes  greater  than  the  band  energy,  the  state  'ipo  cannot  mix  with  the  state  V'n-  The  problem  (8)  then  effectively 
reduces  to  the  one  in  a  finite  dimension.  Note  that  the  wave  function,  ipn,  is  defined  successively  from  tpo  by  applying  the 
hole  transfer  Hamiltonian.  From  this  construction,  n  is  the  measure  of  the  spatial  extension  of  the  hole  wave  function, 
the  area  covered  by  the  hole  motion  within  n  steps  from  the  origin.  The  weight  |cnoP  becomes  very  small  for  n  larger 
than  W/qo.  This  clearly  shows  the  spatial  localization  of  the  hole  wave  function.  Note  that  the  actual  localization 
length  is  still  smaller  because  the  wave  function  in  general  contains  the  state  with  a  hole  on  the  origin  but  with 

different  spin  configuration  from  V>o- 

In  the  present  paper  we  discussed  the  effect  of  the  finite  exchange  interaction  on  the  propagation  of  a  hole 
doped  into  an  antiferromagnetic  Mott  insulator.  Our  lower  order  estimate  of  the  diagonal  elements  of  the  continued 
fraction  representation  indicates  the  existence  of  the  string  effect  for  the  diagonal  elements  a„.  This  means  that  the 
potential  energy  of  a  hole  increases  proportional  to  the  hopping  length  from  the  original  hole  position.  This  gives  rise 
to  the  confinement  of  the  hole,  i.e.the  spatial  localization  of  the  hole  wave  function.  This  implies  the  degeneracy  of 
the  low  lying  energy  levels  because  two  spatially  separated  holes  are  almost  orthogonal  with  each  other.  We  suppose, 
although  this  conclusion  reflects  an  aspect  of  the  effect  of  exchange  interaction  J,  the  result  comes  from  the  present 
linear  approximation  of  J.  In  the  present  nearest  neighbor  hopping  model,  the  effect  of  J  on  the  delocalization  start 
from  term,  but  this  is  neglected  here.  If  the  subdiagonal  element  bn  grows  and  overcomes  the  effect  of  the  diagonal 
ones,  the  above  degeneracy  will  be  finally  lifted  and  discrete  levels  will  form  a  narrow  continuous  energy  band  again. 
The  band  width  is  then  scaled  by  J.  If  the  linear  n-dependence  will  saturate  at  some  value  of  n,  it  also  favors  the 
delocalization.  Nevertheless  we  suppose  main  feature  of  the  local  density  of  states  are  well  reproduced  by  taking  the 
effect  of  J  discussed  here. 

In  the  case  of  Lai_3;Sra;Cu04,  hole  wave  functions  are  spatially  localized  in  the  small  concentration  region  just 
before  the  appearance  of  superconductivity.  The  temperature  dependence  of  the  transport  properties  seem  to  be  fitted 
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well  with  the  variable  range  hopping  [20].  In  view  of  the  fact  that  the  potential  fluctuation  introduced  by  the  Sr-doping 
is  well  confined  to  the  LaO  layers,  and  the  effect  on  CuOj  layers  is  relatively  small,  the  observed  localization  behavior 
will  possibly  be  ascribed  to  the  string  effect  which  originates  from  many-body  effect  discussed  here. 

On  the  relative  stability  of  the  RVB  and  AF  states,  our  estimates  of  a„  do  not  show  much  difference  for  both 
cases;  AF  is  slighly  disfavored.  On  the  other  hand  in  the  present  nearest  neighbor  RVB  model  the  lowest  eigenstate  uq 
of  Ho  is  higher  than  the  one  in  AF  [21].  Therefore  it  is  not  easy  to  conclude  that  the  slight  difference  of  for  RVB 
and  AF  is  the  main  stability  energy  of  the  RVB  state  upon  doping,  which  agrees  with  our  previous  conclusion  in  the 

case  of  J/t  =  0  limit  [16]. 

This  work  was  supported  by  Grant-in- Aid  for  Scientific  Research  on  Priority  Areas  “Mechanism  of  Supercon¬ 
ductivity”. 
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A  few  theoretical  remarks  are  given  concerning  the 
to  describe  vacant  and  doubly  occupied  sites  in 
Hubbard  model. 


operator  formalism 
the  single-orbital 


The  aim  of  this  note  is  to  make  a  few  remarks  concerning  the  operator  formalism 
of  the  single-orbital  Hubbard  model,  particularly  in  the  form  of  the  tJ  model,  which 
P  Anderson'*  proposed  as  a  theoretical  model  to  describe  newly  discovered  high  Tc 
cuprates^*.  The  physical  situation  is  more  complicated  in  P"type  hlgh-Tc  cuprates 
thL  in  the  single-orbital  Hubbard  model >6* since  the  doped  hole  is  experimentally 
known  to  spen^ost  of  time  in  oxygen  p-states  rather  than  in  copper  d-states.  The 
model  may  apply  to  n-type  hlgh-Tc  cuprates,  provided  that  the  doped  electron  goes 
into  copper  d-states. 

We  assume  the  on-site  Coulomb  energy  U  large  compared  with  the  hopping  energy  t 
in  the  Hubbard  model,  so  that  the  energy  spectrum  splits  into  two  bands  separated  by 
a  gap  of  the  order  of  U.  Corresponding  to  this  splitting,  the  operator  ci,.  which 
annihilates  the  electron  with  spin  s  at  site  1.  is  decomposed  uniquely  as 


=  ^is  " 

=  (1  -  n. 


=  "i-s  '^is 


The  a-operator  creates  a  vacant  site,  i.e.,  the 


where  n  =  c[g  c^^  .  The  a-operator  creates  a  vacant  sxue,  x.c., 

holon  In^the  termlnbology  of  Anderson,  whereas  b^  creates  a  doubly  occupied  site, 
which  we  inS  call  the  doublon.  Half-filling,  which  corresponds  to  the  undoped, 
insulating  cuprate,  means  the  full  a-band  and  empty  b-band. 

« t  =  n  h-  •  -  0  (3) 


An  advantage  of  using  the  a-operators  is  that  the  so-called  Gutzwlller 
projection,  which  is  often  satisfied  only  on  average  in  the  usual  formalism,  is 
automatically  taken  care  of.  On  the  other  hand,  they  satisfy  non-linear,  spin 
dependent  anti commutation  relations: 


«ij 


"i-s> 


Where 
Similarly , 

{ 


c^^  is  the  spin  operator. 


-«1J  Sj- 
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Now , 


in  terms  of  these  operators, 

H  =  Ht  *  Hjj  *  Hj 


the  tJ  model  Hamiltonian  may  be  written  as<* 

(6) 


with 


The  exchange 
but  actually 


js 


'is  ^js 


^  "is  "is 


-  T. 

1 
2 

l^ls 

interaction  H,  might  appear 
it  does  not  since 


^-s  ^j-s 


®js 


(7) 

(8) 


4s  ^is  ^J-s  ^J-s  ) 

to  commute  with  the  doublon  operators 


b 


is  ’ 


{  ^is  •  •^J-s  )  =  *1J  =is  ‘^i-s 

Even  the  hopping  term  Ht  .  which  appears  to  be  spin-independent,  gives  rise  to  a 
strongly  spin-dependent  hopping  through  (4)  and  (5).  To  illustrate  this  complexity, 
let  us  apply  the  so-called  many-body  tight  binding  approximation 

Suppose  thus  we  have  one  doublon  doped  into  a  half-filled  state  ^9  which  satisfies 
(3).  For  simplicity,  we  assume  that  fr  is  a  non-magnetic  state  such  as  the  RVB  state. 
The  many-body  tight  binding  Bloch  function  of  the  doublon  may  be  taken  as 


=  f2/N  S  exp  |lk*Rj^V  f  (li) 

The  expectation  value  of  (6)  can  be  written  as 


<  ♦k  “’k  ^  =  Eq  +  «  (k) 

where 

Eq  =  <  H  > 

f  (k)  =  [  2/N  1  i:  exp  [ik-(R^  -  R^  )]  T.^ 


(12) 

(13) 

(14) 


^iJ 


<t"is  ^^"js 


H]]> 


(15) 


Here  <•••>  means  the  expectation  value  with  respect  to  the  half-filled 

We  denote  the  many-body  transfer  matrix  elements  by  TjjWhlch  we 
substituting  H^in  (15). 


Then 


^iJ 


=  t  <1 
2 


2S, 


(16) 


State  f. 
obtain  by 


Note  that  the  expression  in  the  bracket  on  the  right  is  the  spin  exchange  operator 
whose  eigenvalues  are  ±  1  for  triplet  and  singlet  states,  respectively. 
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As  a  model  for  the  CuOj  plane  of  the  oxide  superconductor,  the  t-t'-J  model 
is  investigated  by  a  slave-fermion  formalism.  Three  limiting  cases  are  considered: 
(1)  The  half-filled  case  where  the  model  reduces  to  the  Heisenberg  model.  (2)  Near 
half-filled  where  only  the  nearest  neighbor  transfer  is  allowed  {t-J  Model)  (3)  Near 
half-filled  with  finite  t',  but  t  «  J.  For  the  Heisenberg  model  the  present  scheme 
gives  reasonable  results.  For  the  case  (3)  it  is  shown  that  spin-fluctuation  leads  to 
high  temperature  superconductivity. 


§1.  Introduction 

It  is  widely  believed  that  the  two-dimensional  CuOj  layer  is  responsible  for  the  high 
transition  temperature  superconductivity  of  the  copper  oxides.  The  t-J  model  is  one  of  the  models 
to  represent  this  Cu02  layer, [1]  and  various  investigations  have  been  conducted  on  this  model.  In 
the  origined  t-J  model,  only  the  nearest-neighbor  transfer  was  considered.  However,  recently  the 
importance  of  the  next-nearest  or  farther  neighbor  transfer  (<*-term)  has  been  pointed  out. [2]  This 
is  the  t-t'-J  model.  It  has  been  argued  that  t'-term  is  necessary  to  represent  the  Cu02  layers  by 
this  kind  of  model.[3,4]  Thus,  our  ultimate  goal  is  to  understand  the  t-P-J  model.  However,  this 
model  is  not  so  easy  to  be  investigated,  so  we  analyze  the  model  step  by  step. 

We  employ  the  Schwinger  boson-slave  fermion  method.  Then  the  Hamiltonian  of  the  t-t‘-J 
model  is  given  as  =  Wj  +  W, ,  where 

<i,i>  cr 

and 

'Hx  =  -  (2) 

<i,i>  «• 

Here,  the  electron  operator  Cj„  at  lattice  site  r,-  has  been  expressed  by  a  Schwinger  boson  operator 
»i„  and  a  slave-fermion  (holon)  operator  e,-  as  c,>  =  s,ve|.  Thus,  the  order  parameter  for  the 
superconductivity  may  be  expressed  as  {c{„Cj-„}  =  (e|et)(5,v<^_^).  The  summation  in 

Hj  is  taken  only  for  nearest-neighbor  bonds.  That  in  is  taken  up  to  the  third-neighbors. 
Hereafter,  the  transfer  integral  is  written  as  t  for  |r<  —  r,- 1  =  1,  t'  for  |rj  —  X;- 1  =  V2,  and  t"  for 
|r,-  —  r^'l  =  2,  where  the  lattice  constant  is  taken  to  be  unity. 

We  first  apply  this  method  to  the  half-filled  case.  In  this  case  the  7ft  term  disappears 
from  the  Hamiltonian,  and  the  model  reduces  to  the  antiferromagnetic  Heisenberg  model.  We 
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assume  the  existence  of  the  RVB-type  order  parameter,  and  solve  the  Hamiltonian  by  a  mean 
field  approximation. [5-7]  We  find  there  is  long-range  antiferromagnetic  spin  correlation  at  T  =  0. 
At  finite  temperature  the  spin  correlation  decays  exponentially.  The  spin-correlation  length,  spin 
susceptibility,  and  specific  heat  show  reasonable  agreement  with  Monte  Carlo  simulation  [8-10] 
and  neutron  scattering  experiment. [11] 

This  success  of  the  Schwinger  boson-slave  fermion  method  at  the  half-filled  encourages  us 
to  apply  this  model  to  the  less-than-half  filled  case.  We  first  consider  the  case  where  t'  =  V*  =  0. 
This  is  the  t-J  model.  By  a  mean  field  approximation  we  find  that  there  also  exists  long-range 
spin  correlation  at  T  =  0  but  with  period  incommensurate  to  that  of  the  lattice. [12,13]  This 
incommensurability  comes  from  the  fact  that  in  the  commensurate  state  the  holons  are  localized 
with  no  gain  in  the  kinetic  energy,  but  they  are  delocalized  in  the  incommensurate  phase  which 
lowers  their  kinetic  energy. 

The  situation  is  quite  different  for  the  J  model.  The  holons  are  transferred  by  the  t'- 
term  even  in  the  commensurate  phase.  Therefore,  the  holons  can  gain  the  kinetic  energy  without 
destroying  the  (short-range)  commensurate  Neel  order.  Thus  we  assume  that  the  spin  system 
remains  essentially  the  same  as  the  half-filled  case,  and  include  the  effect  of  t  and  V  terms  by  the 
perturbation.  We  find  that  in  a  wide  region  in  the  parameter  space  of  t,  and  t",  interaction 
between  holons  mediated  by  spinons  become  at  tractive.  [14] 

This  paper  is  organized  as  follows.  In  the  next  section  the  results  for  the  Heisenberg  model 
are  shown.  In  §3  the  results  for  the  i~J  model  are  shown.  In  the  final  section  those  for  UV-J  model 
are  presented. 

§2.  Heisenberg  model 


At  half-filled  case  the  constraint  of  the  UV-J  model  that  there  should  be  no  doubly  occupied 
site  becomes  a  constraint  that  there  is  only  one  spinon  at  each  lattice  site.  Therefore  there  is  no 
holon  in  the  system,  and  the  Hamiltonian  consists  only  of  This  Hamiltonian  is  equivalent  to 
that  of  the  Heisenberg  model.  We  consider  this  model  in  the  presence  of  an  external  magnetic 
field.  Then  the  Hamiltonian  is  given  as  follows. 


<»•;>  ^ 


1 

2 


i 


-i.T EE 


(3) 


Here  /r,  is  gyromagnetic  ratio  and  the  chemical  potential  has  been  introduced  to  make  the 
system  to  satisfy  the  constraint 

on  the  average.  To  solve  this  Hamiltonian  by  a  mean  field  approximation  we  introduce  the  following 
order  parameter,  which  gives  the  amplitude  of  the  nearest  neighbor  singlet  pairs. 

—  2  (^) 
where  z  =  sb  or  y,  and  i  4-  z  is  a  site  next  to  the  site  i  in  the  z-direction.  After  decoupling  the 
Hamiltonian,  we  rewrite  the  operator  by  its  Fourier  transform: 


^i,<T  — 


1 

^/n 


«k,(T. 


(6) 


376 


where  N  is  the  total  number  of  the  lattice  sites,  and  k  is  two-dimensional  wave  vector.  The 
Hamiltonian  is  diagonalized  by  the  Bogoliubov  transformation.  We  obtain  the  following  self- 


consistent  equations. 

n|  -f-  nx  =  1,  (7) 

n|  —  nx  =  2m,  (8) 

A.  =  l(a,4)  +  (AM.  (9) 

where 

«T  =  ^  X^fl^kl^afcOtk)  +  \vk\^(fikPl)l  (10) 

nt  =  x'u)  =  ^  +  \uk\^{0l0k)],  (11) 

(a^ak)  =  (^k/5k)  =  exp[^^(k)/T]-l’ 

i?,,(k)  =  i7k  -  (l/2)|i,B  +  2mJ,  i7^(k)  =  £^k  +  (l/2)M,B-2m/,  (13) 


Ek  =  \/A*-lTkP..  (14) 

\  =  H-J,  (15) 

7k  =  2iJ(Aa  sin  At,  +  A,  sinAty)  =  l7k|  e‘®'‘,  (16) 

and 

"‘"72  (") 

For  T  >  0  the  spectrum  £’a(k)  and  -£r^(k)  must  be  greater  than  zero,  but  at  T  =  0  it  is  possible 
that  at  some  k.  Eg,  or  E^  becomes  zero.  In  the  following  we  consider  «-wave  state,  where  A,  =  Ay. 
This  state  is  degenerate  with  the  d-wave  state,  where  A,  =  —Ay.  These  states  have  the  lowest  free 
energy.  In  this  s-wave  state,  the  minimum  of  i?a(k)  and  i7;9(k)  occurs  at  k  =  K±  =  ±(5f/2,7r/2). 
At  T  =  0  the  energy  should  become  zero  at  these  wave  vectors,  and  we  have  the  Bose  condensation 
there.  We  define  occupation  numbers  and  at  these  condensation  wavevectors: 


at  k  =  K± , 


(18) 


(/^k/^k)  =  «/J,  at  k  =  K±. 


(19) 


This  Ua  or  becomes  macroscopic,  only  when  £a(K±)  =  0  or  Efi(K±)  =  0,  respectively. 

In  a  finite  magnetic  field  we  can  assume  B  >  0  without  loss  of  generality.  Then  m  becomes 
positive.  We  can  show  that  Ba(k)  is  smaller  than  Epilc),  thus  only  na  can  be  macroscopic.  We 
define  tib  by. 


ns 


no  _  Aua 
'N  ~  Ek^N' 


(20) 


where  no  is  one  half  of  the  number  of  bosons  which  are  bose  condensed.  In  the  limit  of  B  — »  0  A 
and  ns  are  given  as  nB(0)  =  0.3034,  and  A(0)  =  0.5790. 
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Finite  value  of  tib  means  that  there  is  long-range  antiferromagnetic  spin  correlation.  At 
low  magnetic  held  the  spin-spin  correlation  in  the  limit  of  infinite  separation  between  two  spins  is 
given  as 

+  (21) 

where  X  and  Y  are  the  *—  and  y— components  of  R  in  units  of  the  lattice  constant.  This  value  of 
the  spin  correlation  is  about  1.5  times  greater  than  that  of  the  Monte  Carlo  simulation.  However, 
qualitative  feature  of  the  model,  the  existence  of  the  long-range  order  at  T  =  0,  is  correctly 
described. 

At  finite  temperature  the  spin-correlation  decays  exponentially.  The  correlation  length  is 
given  by 


f  =  V2A-eip(— 


(22) 


This  temperature  dependence  coincides  with  the  result  of  one-loop  approximation  of  the  rion- 
linear-cr  model  by  Chakravarty  et  aL[15]  Neutron  scattering  experiment  [11]  also  shows  this  kind 
of  behavior. 

At  finite  temperature  we  can  also  calculate  the  specific  heat  and  the  susceptibility.  At  low 
temperature  these  can  be  expanded  as  a  power  series  in  T.  To  the  lowest  order  we  obtedn 


and 


X{T)^ 


A 


riB 


2J  4A  -f-  2nB 

These  results  agree  with  a  Monte  Carlo  simulation. [9, 10] 
§3.  UJ  model 


(23) 


(24) 


Having  seen  that  present  Schwinger  boson-slave  fermion  method  gives  reasonable  results 
at  half-filled  case,  we  apply  this  model  to  the  t-J  model.[12]  Here  we  consider  only  the  nearest 
neighbor  hopping.  The  Heimiltonian  is  now  given  as  follows 


<i,j>  »• 


(25) 


The  leist  two  terms  with  the  chemical  potential  He  and  ft,  are  added  to  enforce  the  constraint  that 
(e|cj)  =  S  and  =  (1/2)(1  —  5),  where  6  is  the  hole  concentration. 

We  treat  this  hamiltonian  by  a  mean  field  approximation,  introducing  the  following  order 
parameters. 

A,  =  ;r(*f+i,T*i,i  “  'i+f.t '«•,?)»  (26) 


e,  =  (ej+fei). 


and 


(27) 

(28) 
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We  consider  the  case  where  all  the  order  parameters  are  real  and  =  A;^,  —  A.  — 

Kyj  =  =  /c,  and  6a  =  Cy  =  6,  since  this  choice  makes  the  frc^^  erikigv  mmimiuti.  The 

fermion  (holon)  part  of  the  mean  field  Hamiltonian  only  consists  of  hopping  terais.  Therefore  it  Is 
diagohadized  in  the  momentum  space.  The  band  width  is  finite,  when  k  becomes  firdte,  and  there 
is  a  finite  Fermi  surface.  The  boson  (spinon)  part  of  the  mean  field  Hamiltonian  is  diagonal jjsed 
by  the  Bogoliubov  transformation  in  the  momentum  space  as  before. 

In  the  present  model  the  energy  of  the  spinon  becomes  zero  at  k  -=  Kj-  =  ±{Kq^  Kq), 
where  cosifo  =  -<c/>/(f6)2  +  (JA)^.  Here  i  =  t  +  jK/2e.  At  smal)  S  is  given  as 

ifo  I  +  1.24^5,  (29) 

The  deviation  of  Kq  from  rc/2  means  that  the  long-range  spin  correlation  at  T  —  0  becomes 
incommensurate  to  the  lattice.  This  incommensurability  is  necessary  to  gain  the  kinetic  energy  of 
holons.  Incommensurate  spin  correlation  has  been  observed  experiment  ally.  [16] 

§4.  model 


Here  we  consider  UV-J  model.[14]  Namely  we  consider  the  second  neighbor  transfer 
and  the  third  neighbor  transfer  (t")  together  with  the  nearest  neighbor  transfer.  Although  V  and 
t![  are  smaller  than  t,  the  effects  of  these  terms  are  not  small.  As  we  have  seen  in  the  previous 
section,  holons  cannot  move  in  the  commensurate,  state.  However,  the  and  terms  allow  holon.^ 
to  hop  in  the  commensurate  state.  Therefore  the  holons  can  gain  the  kinetic  energy  even  in  the 
commensurate  phase.  Thus,  we  first  solve  the  Hamiltonian,  taking  into  account  only  the  exchange 
term  by  a  mean  field  theory.  This  is  what  we  have  done  in  §2.  The  effects  of  the  transfer  teirnsr 
are  considered  as  perturbations.  This  treatment  is  justified  when  the  hole  concentration  ^  is  smelt 
enough. 

In  this  section  we  divide  the  lattice  into  A  and  B  sublattices,  because  in  the  present 
treatment  holons  transfer  only  in  the  same  sublattices.  We  use  operators  a  and  b  for  holon 
destruction  operators  on  A  and  B  sublattices,  respectively,  and  operators  and  for  spinon 
operators  oil  A  and  B  sublattices,  respectively.  Then  the  transfer  part  of  the  Haioiltonian  in  the 
Fourier  space  is  given  as  follows 


E  E  E  E<1‘(’‘1  -  +  h.c.l 

ki  k2  q  , 

+  ^  (kl  ~  fc2)[Ok,®ki+q*kJ+qo.«kj  +  > 


(30) 


where  f(k)  =  2t{cosk„  +  cosky),  f(k)  =  41’  coskgf  cosky  +  2t"(cos  2^.^  +  cos2^).  In  the  first-order 
perturbation,  thermal  average  of  s  is  taken.  Then  we  obtain  the  energy  spectrum  for  the  holes: 

{n^).  =  '^Eu{k)iala^  +  blh.),  (31) 

where  Eh(k)  =  (1/iV)  E.r  <'(k-ki  This  J5?h(k)  he^  the  same  form  as  t'(k),  except 

that  t'  and i"  are  renormalized  to  be  0.8977t'  and  0.8364<",  respectively.  The  minimum  of  Ei,(k) 
occurs  at  k  =  Kh,  where 


Kh  = 


'(ff/2,— 7r/2)  for  t' >  max(1.86^", 0) 
i  (7r/2,x/2)  for  t'  <  miti(--1.86t",0) 
^  (0, 0),  (tt,  0)  otherw  he  . 


(3S) 
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We  refer  to  these  three  cases  as  case  I,  case  II  and  case  III,  respectively.  A  small  Fermi  surface  of 
holons  is  created  around  Kh-  The  Fermi  momentum  is  given  by  kp  =  V2irS,  when  the  energy  band 
can  be  regarded  as  parabolic  and  when  only  a  single  valley  is  occupied.  It  should  be  remarked 
that  the  actual  hole  is  a  composite  particle  of  a  holon  and  a  spinon.  Therefore  the  energy  band 
of  holes  become  minimum  at  Kh  +  (’r/2,  x/2). 

Effective  interaction  between  A  and  B  holons  emerges  from  the  second-order  perturbation 
where  holons  exchange  a  pair  of  spinons.  Since  we  are  interested  in  the  possibility  of  superconduc¬ 
tivity,  we  consider  interaction  between  holons  on  different  sublattices  with  the  total  momentum 
2Kh.  At  r  =  0,  the  result  is  given  as  follows: 


The  effective  interaction  V(ki,k2)  is  given  after  angular  averaging  as 


where 


^ _ 16JA|n„  -  (1/2)<1» _ 

lSK(K|,-k,)-i;h(Kh-k.)P-£.(JC  +  fcp)»' 

where  ... 

r  47r*6*t*  +  32(<'  -  t")*  for  case  I 

v  =  <  —IQizSt^  +  32(<'  4- 1")*  for  case  II  (35) 

I  -167r5t*  -I-  -I-  32t"*  for  case  III. 

Equations  (33)  and  (34)  have  the  same  form  as  the  ordinary  phonon-mediated  interaction  between 
electrons.  Thus,  if  the  interaction  is  attractive,  condensation  of  holon  pairs  occurs.  The  symmetry 
of  the  pair  is  «-wave,  which  is  the  same  as  the  RVB  order-parameter.  Thus,  we  can  expect 
condensation  of  the  Cooper  pair  of  the  real  holes  in  the  presence  of  the  holon  pair  condensation 
and  the  RVB  order.  The  interaction  is  attractive  for  |Eh(Kh— ki)  — Eh(Kh— kj)!  <  E,(K,-j-kF)  — 
4^7^/ A,  if  V  is  positive.  As  seen  from  eq.(35)  v  is  positive  for  case  I  and  also  positive  for  cases 

II  and  III  when  St^  is  smedl  enough.  The  density  of  states  of  holon  becomes  large  around  the 

boundary  between  the  regions  I  and  III  and  between  regions  II  and  III.  Thus  high  transition 
temperature  is  expected  around  these  boundaries. 
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the  stability  of  the  chiral  spin  state,  which  was  proposed  for  the 
t-wo-dimens  tonal  frustrated  ant  i  f  erromagne  t  on  the  square  lattice  ,  is 
examined  by  taking  the  local  constraint  into  account.  It  is  shown  that 
the  chiral  spin  state  is  relatively  high  in  energy,  suggesting  it  to  be 
unstable.  The  instability  of  the  flux  state  against  the  anti f erromagne t ic 
order  is  also  demonstrated  in  this  connection. 


§1  I  n  troduct  i  r>n 

one  of  the  most  fascinating  ideas,  which  have  been  proposed  so  far  in  connection 
with  high-T^  superconductivity,  is  Laughlin’s  scenario  based  on  fractional 


statistics . 


1  ) 


Although  the  relevance  of  this  meohanisrn  to  (’u-oxide  superconductors 


IS  controversial ,  it  is  extremely  interesting  to  see  in  what  system  this  idea  is 
materialized.  >  Wilczek  and  Zee^ ^  ( WWZ )  have  recently  claimed  that  the  two- 

dimensional  S=l/2  Heisenberg  ant i f erromagnet  frustrated  with  the  next-nearest- 
neighbor  antiferromagnetic  exchange  interaction 


nn  nnn 

K  =  J  z  §  .  2  +  j-  I  2  .  3, 
ij  .  .  jl  ^ 


(  I  ) 


may  have  a  chiral  spin  state  for  J  V.J  greater  than  a  threshold  value.  According  to 
VvK'Z  this  model  may  then  substantiate  Laughlin’s  fractional  statistics  superconduc  t  i  v- 
ity,  when  the  system  is  doped  with  holes.  The  purpose  of  this  paper  is  to  examine 
the  stability  of  the  chiral  spin  state  in  the  model  (1)  and  some  rel ated  problems . ^ ^ 


§2  Importance  of  Local  Constraint 

By  introducing  fermion  operators  with  the  model  (1)  can 

be  written  in  the  form: 
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(2) 


G  fermxon  G 


termion 


J  I  «  +  +  I 

J _  +  ♦  ♦  1 

■  ^  h  ah  *  I  ’ 


(3) 


where  the  Gutzwiller  projection  operator  * JJ ^  1 {  I ))  represents  a 
local  constraint  onto  the  physical  subspace  in  which  each  site  is  occupied  by  a  single 
electron • 

In  the  variational  theory  applied  to  (2)  the  energy  is  given  by 
^  =  <*vl^G  fermion  ‘'g  l*v>/<*vl‘’olV  '  '4) 

where  is  a  variational  wave  function.  is  then  minimized  to  determine 

variational  parameters  in  4^.  However  the  local  constraint  is  completely  ignored 
in  the  ’mean  field"  theory  as 


^ .  =  <*  ih,  I*  >/<*  I*  > 

V  v*  fermion'  v  '  v’  v 


{  5  ) 


and  is  minimized  instead  of  by  taking  a  Slater  determinant.  Wen,  Wiit  zek  and 

Zee  also  follow  the  latter  line  of  approach,  which  lacks  any  justification. 


Table  1;  One  Dimensional  Heisenberg  Model 


<S, ‘S  > 

1  J 

per  bond 

ref. 

Neel  state 

-1/4S-0.25 

Bethe Vs  exact 
solution 

(-In  2  +  t/4)v:i 
5-0.4431 

"mean  field"  theory 

-2/n^=-0.203 

4 

Gutzwl ller-pro jected 
"mean  field"  theory 

-(3/2«)*Si(»i) 

5-0.4421 

12 

"mean  field"  dimer 
state 

-l/4=-0.25 

Gutzwiller -pro  jec  ted 
dimer  stare 

-3/8r-0.375 

Table  2:  Two  Dimensional  Heisenberg  Model 


<S  ’S  .> 

1  J 

per  bond 

ref . 

Neel  state 

ms^m 

current  best 
estimate 

-0.334'v-0.335 

10 

"mean  field"  s  wave 
( Baskaran  et  al . ) 

-8/n^=-0 . 0H2 

4 

"mean  field"  dimer 

-l/8=-0. 125 

"mean  field"  flux 
state 

-0.115 

Cutzwil ler-pro jected 
a  wave 

-0.285 

13 

cutzwil ler-pro jected 
flux  state 

-0.32 

1  4 

Cutzwil ler-pro jected 
dimer  state 

-:v  IBr-o.  187.i 
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0  case  and 


rhe  role  of  F,.  can  be  easily  recognized  if  one  takes  the  J'  = 

compares  E  and  with  each  other.  Tables  1  and  2  show  such  a  comparison  for  the 

one-d imens lonal  chain  and  the  two-dimensional  square  lattice,  respectively.  The 

energy  for  the  '‘Gutzwi 1 ler-pro jected"  states  represents  .  The  lesson  we  can  learn 

form  the  Tables  is  as  follows.  First,  the  ’'mean  field”  energy  is  too  high.^^ 

Secondly  the  dimer  state  has  the  lowest  energy  within  the  “mean  field”  theory  as 

6 ) 

pointed  out  by  Dombre  and  Kotliar,  while  that  is  not  the  case  in  the  Gutzwiller- 
projected  states,  which  properly  take  into  account  as  in  (4).  Notice  that  the 
dimer  state  is  not  competitive  at  all  in  energy  in  the  latter.  This  clearly 
demonstrates  the  necessity  of  the  Gutzwiller  projection  in  discussing  the  stability 
of  VvKZ's  chiral  spin  state.  The  results  will  be  described  in  the  next  section. 


^3  Energy  of  Ghiral  Spin  State 

Let  us  switch  on  J*.  Following  WWZ ,  we  take  as  a  generalized  Hart ree-Fock- 

type  state  having  the  bonds  shown  in  Fig.  1.  For  simplicity  are  fixed  at 

X  .  =  =  X  .  As  for  and  we  take  up  4  cases  including  WWZ^s  chiral  spin 

1  2  J  -4  o  o 

liquid:  i)  real,  ii)  real,  iii)  Xg=-Xg=  pure  imaginary  and  iv)  Xg=Xy=: 

pure  imaginary.  The  case  i)  corresponds  to  WWZ's  chiral  spin  state,  in  which  the 
chirality  in  each  elementary  triangle  is  uniform  and  nonvanishing.  On  the  other  hand 
ii)  has  a  staggered  chirality  and  the  chirality  is  vanishing  in  iii)  and  iv). 

To  determine  the  energy  (4)  for  a  given  value  of  Xg  we  employ  the  variational 
8  ) 

Monte  Carlo  ( VMt  )  method,  iN’hich  has  already  been  tested  on  several  systems  and  is 
presumably  the  most  reliable  way  to  evaluate  such  a  quantity  as  ( 4 ) .  In  practice 
the  VMC  calculation  is  carried  out  on  finite  lattices;  the  limit  for  the 
infinite  lattice  is  guessed  from  the  size  dependence.  In  the  present  calculation 
4x4,  6x6  and  8x8  lattices  have  been  studied  by  imposing  the  boundary  condition 

9  ) 

p#^r  iodic  in  x  and  anti  per  iodic  in  y  direction. 


1 

X4 

X4 

'  H. 

V  ^ 

'^^ryC 

X2 

^  V  " 

Fig.  1 


The  definition  of  the  bonds  X-i  Xg 


Th.  fnr  stands  i,  andiii)  is  shown  in  Fi«s.  2  and  3.  respar-t  i  ve  ly  as 

a  f„nrt,on  of  Here  the  system  size  is  8x8.  For  JVJ  «  0.5  the  minimum  point 

is  located  at  Xg=  0.(  i.e.  the  flux-  states  )  in  both  1)  and  iv).  However  for  J'/J  ^ 
U.o  the  state  iv)  is  evidently  lower  than  i).  The  state  ii)  having  a  staggered’ 
chirality  has  turned  out  to  be  much  higher  than  i)  and  iv).  There  is  a  small 
difference  between  iii)  and  iv).  which  is  due  to  the  boundary  condition  chosen  and 
decreases  as  the  system  size  increases  from  4x4  through  8x8.  the  8x8  lattice  the 

energy  for  iii)  is  not  much  different  from  iv,.  From  the  symmetry  both  iii)  and  iv 
should  give  the  same  energy  for  the  infinite  lattice. 

Figure  4  shows  the  energy  as  a  function  of  JVJ.  which  s  compared  with  the 
exact  energy  for  4x4  lattice  under  the  periodi,.  boundary  condition.  We  can  conclude 
from  this  result  that  the  states  i  i)  and  iv)  are  lower  in  energy  than  WW2 ■ s  ch.ral 


’.5  X,  2 


Energy  as  a  function  of 
Xg  for  the  state  i)  which 
has  a  chirality. 


X,.-X  -iX, 


Energy  as  a  function  of 
Xg  for  the  state  iii) 
having  no  chirality. 


cvpin  state  i  )  . 


Theretv.re  Che  latter  state  is  not  stable  in  contrast  to  the 
conclusion  **'  the  "mean  field”  theory. 


Ls  blux  State  Stable'.' 

We  have  also  examined  it  the  flux  state  is  stable  or  not  with  respect  to  the 

antiferromagnetic  (AK)  long-range  order  corresponding  to  the  2-sublattice 

antiferromagnetism.  The  AF  order  is  incorporated  in  by  introducing  a  staggered 

magnetic  field.  The  results  for  J’=  0  are  presented  in  Fig.  5,  which  convinces  us 

6  >  ' 

that  the  flux  state  is  unstable  against  the  AF  order.  bomber  and  Kotliar  pointed 
out  within  the  "mean  field"  theory,  that  the  flux  state  is  unstable  against  the  dimer 
state.  The  present  calculation,  which  properly  takes  into  account  the  local 
constraint,  shows  the  flux  state  is  unstable  rather  against  the  AF  state.  The  dimer 
state  is  fairly  high  under  the  local  constraint,  as  evident  in  Table  2.  This  result 


seems  reasonable,  since  it  is  a  general  consensus  that  the  AF  long-rahge  order  exists 
for  J’5  0  at  T  =  OK.'®* 

The  energy  of  the  flux  state  modified  by  thd  AF  order  is  included  in  Fig.  4, 
which  demonstrates  that  the  AF  state  progressively  looses  its  stability  with  the 
increase  of  J’/J.  We  observe  that  for  J’/J  40.6  the  energy  of  tii)  and  iv)  is  still 


Fig.  4  Ground  state  energy  as  a  function  of  J'/J: 

the  open  squares  denote  the  flux  state  modified 
with  anti ferromagnetic  tRO. 
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high  compared  with  4x4.  It  is  natural  to  conclude  from  this  that  the  AF  order 
betwppn  the  second  nearest -neighbor  spins  should  be  present  in  JVJ 

Summing  up,  it  is  very  J ikely  that  WWZ * s  chiral  spin  state  is  not  stable  in  the- 
model  ( 1 ) . 
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The  effective  Hamiltonian  for  CuOj  layers  has  been  derived  based  on  the  d-p  model  with  vanous 
parameters  deduced  from  the  analysis  of  photoemission  spectroscopy.  It  is  demonstrated  that  the  low 
lying  excitation  associated  with  a  single  extra  hole  on  oxygens  is  properly  described  by  the  Zhang-Rice 
singlet  with  appreciable  spatial  extent,  and  then  that  the  1  -  J  model  with  possible  modifications  with 
more  extended  transfer  integral(s)  (and  exchange  interaction)  will  be  the  relevant  model  (the  extended 
t  -  J  model).  Effects  of  apical  oxygens  are  investigated  within  this  framework  in  the  context  of  the 
pressure  effect  on  T^  in  T*  and  V  structures.  At  the  same  time  it  is  pointed  out  that  if  two  holes 
are  located  around  the  same  Cu  spin  those  holes  interact  attractively,  one  of  whose  features  is  been 
explored. 

A  mean  field  theory  based  on  the  slave-boson  formalism  has  been  worked  out  for  the  extended 
t  —  J  model  with  special  emphasis  on  the  possible  chiral  spin  state.  It  has  been  shown  that  the 
chiral  spin  state  is  stabilized  for  some  range  of  the  parameters  in  the  case  of  finite  doping,  which  is  in 
contrast  to  the  undoped  case.  The  fluctuations  around  such  mean  field  solutions  have  been  treated 
systematically  in  terms  of  the  gauge  theory  in  (2-1-1)  dimension.  It  is  shown  that  there  exists  the 
Chern-Simons  term  whose  prefactor  depends  on  the  degree  of  doping.  By  this  finding  we  could  for  the 
first  time  derive  anyons  for  the  case  of  a  finite  doping.  Discussions  on  anyons  based  on  commensuarate 
flux  state  are  also  given. 

§1.  Introduction 

It  is  by  now  widely  accepted  that  CuO,  layers  support  the  high  T,  in  Cu-oxides.  In  spite  of  such  a  concensus  it  is 
not  yet  fuUy  agreed  on  which  is  the  relevant  model  to  describe  the  essense  of  low-lying  excitation  of  the  system;  a  typical 
question  is  which  kind  of  fluctuations  is  dominant,  magnetic  or  charge.  The  subtlety  arises  from  the  fact  that  Cu-oxides 
are  not  Mott  insulators  but  the  charge-transfer  type  insulators  in  the  nndoped  case  with  relatively  small  gap  energy  as 
has  been  explored  by  photoemission  and  optical  spectroscopy. 

In  thU  report  we  have  first  derived  the  effective  HamUtonian  for  the  low-lying  excitation  in  the  doped  case  by  use 
of  various  parameters  characterizing  the  large  energy  scale  properties  deduced  from  the  photoemission  spectroscopy  as 
shown  in  Fig.l  and  Table  1.  Detailed  discussions  on  this  effective  Hamiltonian  will  be  given.  Based  on  these  it  is  indicated 
that  the  extended  t  -  J  model  will  be  the  relevant  one,  the  knowledge  of  whose  impUcations  will  be  indispensable  to  the 

full  understanding  of  high  Tj  oxides.  _ 

Next  we  will  explain  the  result  of  a  mean  field  theory  of  the  extended  t  -  J  model  with  particular  emphasis  on  the 
chiral  spin  state,  which  is  shown  to  be  stabilized  for  some  range  of  parameters.  Based  on  this  the  Chem-Simons  term  has 
been  obtained  for  the  gauge  field  representing  fluctuations  around  the  mean  field  solutions  and  anyons  are  derived  for 
the  first  time  (not  argued!)  in  the  presence  of  finite  doping.  Various  problems  associated  with  the  gauge  field  resulting 
from  the  local  constraint  are  indicated. 

§2.  Effective  Hamiltonian  for  Cu02  Layers 

By  the  fact  that  the  Cn"^"^  state  appears  to  be  stable  even  in  the  presence  of  doping  (i.e.  the  absence  of 
state)  and  that  extra  holes  due  to  doping  are  located  mainly  on  oxygen  sites  (though,  of  course,  those  holes  have  some 
component  of  Cu:i  wave  function  because  of  mixing),  it  is  natural  to  treat  the  mixing  integral,  to,  between  Cu:d.._,. 
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and  O  :  orbitals  as  a  perturbation.  Suck  a  perturbation  tkeory  has  resulted  in  tke  following  Hamiltonian  in  the 

second  order  of  tj’ 

E  'lE  E 

t  a  0^ci 

+  ^  n^} 

/3#ot 

+  ^  *{Si  '  pit<^$$’P0»'iA^  +  Ar  ^  Uy  +  +  rifi)) 

+  PtiP0i)(^9  +  Aio  ^  -Aii(Tla  +  n^)}] 

1^0,0 

^Js  Y,  •  Si-Sn^Ho.  (1) 

(i^k) 

Here  Jj,  =  tl/Ud  and  S;  is  the  Cu-spin  at  the  i-th  site,  whereas  p^,  and  are  the  hole  annihilation  operator  at  the 
a-th  site  around  the  t-th  Cu  site  and  the  hole  number  operator  at  the  a-th  site  for  spin  s.  All  the  terms  except  the 
last  two  with  Jg  and  Hq  are  due  to  the  presence  of  doping  and  the  numerical  factors,  (i=l~ll),  are  determined 
by  parameters  given  in  Table  1  and  found  to  be  very  sensitive  functions  of  these  parameters.  The  term  Jg  represents 
the  superexchange  interaction  between  Cu  spins,  which  is  present  even  in  the  undoped  insulating  state,  whereas  the 
last  term  ffo  represents  the  direct  transfer  integrals  between  oxygens  and  the  on-site  Coulomb  interaction,  CTp,  on  each 
oxygen.  Equation  (1)  reveals  the  essential  features  of  the  problem;  interaction  process  between  Cu  spins  and  oxygen 
holes,  the  indirect  transfer  integral  between  oxygens  via  Cu-sites  and  the  interaction  between  holes  on  oxygens  around 
the  same  Cu-site,  which  is  induced  by  the  charge  transfer  excitations.  The  existence  of  these  various  kinds  of  interaction 
processes  wiU  be  the  case  for  wide  range  of  parameters  as  iar  as  the  basic  condition  of  the  stability  of  Cu'^'^  state  is 
justified.  Quantitatively,  however,  the  numerical  values  of  A<  should  not  be  taken  literally  but  be  understood  with  some 
allowance  factors  because  of  the  relatively  small  value  of  charge  transfer  excitation  gap,  A,  and  then  contributions  from 
the  next  order  perturbation  will  not  be  completely  negligible. 

Equation  (1)  is  already  complicated  enough,  and  is  not  fully  understood.  However  in  the  case  of  a  single  extra  hole 
in  the  whole  crystal  this  Heff  is  apparently  simplified  as  follows*^; 

i  a 

-E 'E^«./»p-5Ptf.+-^5E (2) 

»  afi  i;0k 

,where  Jk  ~  leV^JjQ  ~  — 0.3eViy,  ~  O.lcF  and  has  both  direct(ti  and  fj)  and  indirect  transfer(To)  integrals.  The 
difRculty  to  solve  eq.(2)  results  from  the  periodic  array  of  Cu-spins.  Since  Jjc  is  the  largest  energy  is  the  problem,  it 
will  be  natural  to  take  account  of  this  coupling  first.  We  then  first  solved  the  problem  of  a  single  Cu  spin  and  a  single 
extra  hole  in  the  Bloch  band  in  a  way  similar  to  but  different  horn  that  by  Eskes  and  Sazatzky*!  (the  difference  lies  in 
that  the  indirect  transfer  via  Cu-sites  are  fully  taken  throughout  the  crystal  in  the  present  scheme  hence  affecting  the 
structure  of  hole  Bloch  band  in  an  important  way).  The  result*’^!  is  the  strong  stabilization  of  the  Zhang- Rice  singlet*^ 
between  the  Cu  spin  and  oxygen  spin,  and  hence  the  low-lying  excitations  in  the  case  of  low  doping  will  be  described 
by  the  hopping  of  this  singlet  state  through  the  crystal;  i.e.  the  f  —  J  model  vdll  have  the  essence  as  first  proposed  by 
Anderson^^  It  turned  out,  however,  by  the  detailed  numerical  calculations  that  the  state  is  not  localized  completely 
on  the  neighboring  four  oxygen  sites  but  that  it  is  spatiaUy  more  extended.  By  this  we  proposed  that  the  model  with 
more  extended  transfer  integrals  will  be  more  relevant.  This  model  is  called  extended  t  -  J  model.  Based  on  a  different 
consideration  Lee®^  also  indicated  the  possible  importance  of  such  an  extended  transfer  integral. 

In  the  course  of  this  study  we  have  realized  that  the  spatial  extent  of  the  Zhang-Rice  singlet  is  very  sensitive  to  the 
choice  of  parameters  reflecting  the  fact  that  the  actual  Cu-oxides  will  be  located  in  a  very  delicate  region  of  material 
parameters.  This  has  led  us  to  investigate®^  the  implication  of  the  experiment  by  Murayama  et  of  the  pressure  effect 
on  critical  temperature,  Tci  large  d  In  T^d  In  p  in  NdCeSrCu04  (r*-structure)  but  none  in  NdCeCu04(T ’-structure). 
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that  the  apical  oxygens  present  in  T”-strnctute  have  profound  effects  on  the  spatial  extent  of  the  Zhang-Rice 
s>n?!et.  which  itiight  have  some  consequence  on  the  remarkable  experimental  finding.  ^  ^  /  \  mi,. 

So  fa-  W'  have  confined  ourselves  to  the  exploring  the  implication  of  eq.(2)  but  not  the  original  one,  eq.(l).  The 
ni.m’  difference  between  eq.(l)  and  (2)  is  that  there  exists  in  eq.(l)  the  attractive  interaction  between  two  oxygen  hol« 
if  they  are  located  around  the  same  Cu-site.  One  of  this  feature  is  being  investigated^)  from  the  viewpoint  of  the 
classification  of  BCS  pairing.  The  true  problem,  however,  which  takfes  account  of  Cu-spins  at  the  same  time,  is  to  be 

studied.  .  ,  . 

§5  Mean  Field  Tlieory  for  the  Extended  J  model 

.  As  has  been  discussed  in  the  preceding  section  we  decided  that  the  study  of  the  extended  t  -  J  model  will  be  needed 
to  pin  down  the  hardest  question  of  the  mechanism  of  high  T,  in  oxides.  The  model  is  defined  by 

n.n.  n.n.n. 

n.n. 

-t'  53  c.t(l-ni_,)(l-n,-,_,,)c,v-/i^c,:t^ci,.  (3) 

n.n.n. 

v.'here  various  parameters  are  shown  in  Fig.2.  In  this  model  we  take  that  t.-,-  and  Jj,’  independent  parameters  but 
that  the  exclusion  of  double  occupancy  is  imposed  on  every  site,  whi<*  is  the  essence  of  the  present  problem  of  strong 
correlations.  Thi.s  model  is  again  very  hard  to  attack.  Even  in  the  case  without  Jy  the  ground  state  is  not  known. 
(Veij  recently  Wiegmann”)  proposed  an  interesting  framework  to  this  problem  based  on  the  tr^sverse  gauge  field 
representing  the  local  constraint.)  Quite  often  the  numerical  calculations  ate  recoutsed  to  for  this  kind  of  problem, 
v.  hich  are  admittedly  useful  to  see  overall  features  of  electronic  states.  The  nature  of  true  low-lying  excitations,  however, 
w'J]  be  very  hard  to  be  traced  in  such  calculations  at  least  with  the  present  limit  of  attainability.  Both  analytical  and 

computational  methods  should  be  complemented  by  each  other.  ^  j  u  .t 

Eo  (3)  is  often  treated  baaed  on  the  slave-boson  framework.  In  this  the  electron  operator  Cj,  b  represented  by  the 
product  of  the  fermion  operator,  ,  and  the  boson  operator,  6( ,  as  cj,  =  fi,bt.  Here  the  boson  operator  represents  the 
ur. occupied  st-ste.  By  these  operators  the  local  constraint  that  each  ate  is  at  most  occupied  by  one  particle  is  expressed 

by  introducing  the  Lagrange  multiplier,  Aj,  as 


In  our  first  treatmenti®’!*),  which  is  essentially  the  same  as  (but  a  little  bit  of  extension  of)  the  theory  by  Baskaran, 
Zou  and  Anderson^®)  on  the  original  t  -  J  model  without  t'  and  J'  we  employed  the  mean  fidd  approidmation  to  thu 
problem  of  the  coupled  bosons  and  fermions  replacing  Aj  by  its  average  uniform  in  space.  A,  and  ignored  completely 
the  effect  of  fiuctuf  tiops  around  these  mean  field  solutions.  Within  this  approximation  the  statistics  of  slave  fermions 
sad  bosons  remain  the  same  as  the  original  ones,  and  then  fermions  have  RVB  pairing  whereas  bosons  are  condensed 

independently  in  essense;  obviously  a  very  crude  approximatiori. 

Recent  paper  by  Wen,  Wikzeck  and  Zee‘«)  has  opened  our  eyes  on  this  problem.  They  investigated  the  undoped 
ca:e  with  both  J  and  J'  and  searched  for  the  chiral  spin  state,  which  breaks  the  parity  and  time-reversal  symmetry, 
liased  on  the  mean  field  theory  by  taking  the  hopping,  <  x»j  '''  fi<rfi<'  ^  and  <  h^  bj  >,  as  order  parameters 

(bond  order  parameters).  Though  the  chiral  spin  state  is  found  not  to  be  stabilized  within  J  -  J'  model  and  some  other 
terms  were  claimed  lor  the  stability,  they  have  shown  that  the  fluctuations  around  the  mean  field  solution  can  be  treated 
in  a  systematic  waj'; 

A<  =  A  4-  ao(»). 


Xij  Xij  ^0 


(5.6) 


v/here  <  Xij  is  the  mean  held  solutions.  The  functions  aa(»)  («  —  0)  l(-~  *)» 

live  gauge  held  in  (2-f  1)  dimension.  In  the  chiral  spin  state  these  gauge  helds  have  the 


2(=  y))  can  be  considered  as 
Chern- Simons  term  rendering 
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a  test  particle  ugected  into  the  system  a  semion,  a  particle  with  1/2-statistics.  This  paper  has  made  it  clear  that  the 
local  constraint  has  profound  consequences  on  the  low  energy  properties  of  electrons;  even  the  statistics  of  particles  can 
change!  This  has  stimulated  our  foUowing  research  in  various  directions. 

The  first  problem  was  under  what  condition  the  chiral  spin  state  is  actually  stabilized  at  least  within  the  mean  field 
approximation.  The  effects  of  more  extended  exchange  interaction  (e.g.  that  between  the  third  neighbors,/")  and  the 
spin-orbit  interactions  have  been  investigated  for  the  nndoped  case.^^^ 

Next  for  the  case  of  finite  doping  we  have  found  that  there  is  some  region  of  parameters  where  the  chiral  spin 
state  is  actuaUy  stabmzed.**'^*)  By  use  of  the  similar  procedures  to  that  of  Wen  et  for  this  case,  we  obtained  the 
Chem-Simons  term  also  in  this  case  and  then  could  derive  fractional  statistical  particles  (anyons)  microscopically  for 
the  first  time  for  the  doped  case.**)  Interestingly  the  prefactor  of  the  Chern-Simons  term  and  hence  the  statistics  turn 
out  to  depend  on  the  degree  of  doping. 

The  possibility  of  such  a  new  concept  of  anyons  has  also  been  explored*®)  without  recoursing  to  the  chiral  spin  state 
but  based  on  the  commensurate  flux  state.*^). 

It  is  of  interest  to  study  the  physical  properties  of  such  anyon  systems  on  one  hand  and  at  the  same  it  is  important 
to  critically  assess  the  relevance  of  this  new  view. 
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Fig.l  Parameters  characterixing  the 
CuOj  layers. 


Fig.2  Parameters  in  the  extended  t-J 
model. 
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Organic  Conductors  Based  on  Unsymme trical  Donors  DMPT  and  EDT-TTF 
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DMPT  and  EDT-TTF ,  which  are  the  derivatives  of  DMET  and  MDT-TTF  respectively, 
were  synthesized  and  their  radical  salts  were  prepared  by  the  electrochemical 
oxidation.  Their  physical  properties  were  investigated  and  the  crystal 
structures  were  determined.  Several  salts  were  found  to  show  the  metallic 
behavior . 


DMET  and  MDT-TTF  are  the  unsymmetrical  donors  which  produce  organic 
superconductors.  DMET  has  half  structures  of  TMTSF  and  BEDT-TTF,  and  MDT-TTF  those  of 
TTF  and  BMDT-TTF .  The  change  of  the  length  of  side  alkyl  substituent  of  half 
structure  of  BEDT-TTF  or  BMDT-TTF  is  expected  to  bring  about  little  change  of  the 
electrical  properties  of  salts  of  DMET  or  MDT-TTF  since  molecular  skeletons  which  are 
responsible  for  the  electrical  conductivities  are  the  same.  Since  DMPT  is  made  of  half 
structures  of  TMTSF  and  BPDT-TTF,  and  EDT-TTF  is  made  of  half  structures  of  TTF  and 
BEDT-TTF,  the  salts  based  on  DMPT  and  EDT-TTF  are  expected  to  show  the  similar 
physical  properties  to  those  of  DMET  and  MDT-TTF  respectively.  In  this  report  we 
present  the  physical  properties  and  crystal  structures  of  some  radical  salts  of  DMPT 
and  EDT-TTF. 


Physical  properties  and  crystal  structures  of  DMPT  salts 


DMPT  was  obtained  by  cross-coupling  of  the  appropriate  1 , 3-dithiole-2-ketone  and 
1 , 3-diselenole-selenone  in  toluene  with  triethyl  phosphite.  Separation  of  DMPT  from 
symmetrical  co-products  was  accomplished  by  chromatography  on  a  Si02  column  followed 
by  a  recycle  preparative  gel  permeation  chromatography.  DMPT  radical  salts  were 
prepared  by  the  electrochemical  oxidation  in  the  presence  of  (n-Bu)4NX  (X  =  counter 
anion)  in  chlorobenzene  using  a  constant  current  (2  uA) . 


DMPT  (RsCaHe) 


The  electrical  conductivities  at  room  temperature,  the  activation  energies  and 
the  temperatures  of  metal- insulator  transition  are  summarized  in  Table  1.  Except 
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Table  1.  Electrical  properties  of  DMPT  salts. 


anion 

f  S  c  m 

Ea  /  eV 

PFe 

140 

0.11 

AsFg 

76 

0.12 

SbFg 

37 

0.15 

BF4 

7 

0.10 

CIO4 

46 

0.24 

Re04 

24 

0.12 

AUCI2 

1 

0.06 

Au(CN)2 

87 

metal 

(T^.i  =  130 

K) 

Ag(CN)2 

10 

metal 

(Tm-i  =  170 

K) 

Fig.  1.  Linewidth  and  intensity  of  ESR  of  (DMPT)2PF6’ 


AgCCN),  and  Au(CN)2  salts,  all  other  salts  showed  semiconductive  behavior  at  room 
temperature.  Figure  1  shows  the  temperature  dependence  of  EPR  linewidth  and  spin 
susceptibility  of  VFq  salt.  Around  40  K  the  susceptibility  decreases  suddenly  and  the 
width  of  the  EPR  line  increases  sharply.  This  fact  suggests  that  the  low  temperature 
phase  of  PFg  salt  is  antiferromagnetic.  The  antiferromagnetic  transition  was  observed 
at  35  K  in  AsFg  salt.  In  some  DMET  salts,  the  anti  ferromagnetic  transitions  were 
observed.  but  the  temperature  of  the  transition  were  much  lower  than  those  in  DMPT 
salts.  It  is  interesting  that  little  molecular  change  of  a  donor  molecule  affects  the 
transition  temperature  largely. 

The  crystal  data  of  (DMPT)2PF6  are;  triclinic,  PI,  a  =  7.871(1),  b^=  6.967(1) ,c 
=15.845(3)  A,  a  =  95.14(2),  6  =  100.56(1),  Y=  71.26(1)*  ,  V  =  808.5(3)  A  ,  Z  =  1,  R  = 
0.038.  The  crystal  structure  of  PFg  salt  is  shown  in  Fig.  2.  (DMPT)2PF6  ^as  a 
similar  columnar  structure  to  DMET  salts.  The  distances  between  the  planes  of  donor 
molecules  are  3.76  and  3.55  A.  and  this  suggests  that  there  exists  large  dimerization. 
Between  the  neighboring  columns,  there  is  only  one  short  contact  as  shown  in  Fig.  2. 
and  therefore  (DMPT)2PF6  is  considered  to  have  little  two-dimensional  character. 


The  crystal  data  of 
7.882(1),  c  =  13.433(1)  A, 
crystal  structure  of  ReO^ 


(DMPT)2Re04  are;  monoclinic,  C2/c,  a  =  30.453(4),  b 

8  =  90.56(1)*,  V  =  3224.2(7)  A^,  Z  =  4,  R  =  0.043.  The 
salt  is  shown  in  Fig.  3.  In  this  salt  there  are  four  donor 
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columns  in  the  unit  cell  and  the  donor  molecule  in  the  neighboring  columns  are  tilted 
alternately.  This  structure  has  not  been  observed  in  any  DMET  salts.  The  distances 
between  the  donor  molecular  planes  are  3.76  and  3.55  A  which  implies  large 
dimerization  in  (DMPT)2Re04.  Therefore  this  salt  has  little  two-dimensional 
character. 


Fig.  3.  Crystal  structure  of  (DMPT)2Re04 
Electrical  properties  and  crystal  structures  of  EDT-TTF  salt s 


EDT-TTF  was  synthesized  by  the  following  route.  5 , 6-d ihydro- 1 , 4-di thi ino[ 2 , 3-d 1 - 
1  f 3-d i th io le- 2 -ketone  and  4-acetyl-l , 3-dithiole-2-thiol  were  cross-coupled.  The 
unsymmetrical  product  was  isolated  by  Si02  column  chromatography.  Then,  acetyl  group 
was  removed  using  hexamethy Iphosphoric  triamide  and  LiBr.  EDT-TTF  radical  salts  was 
obtained  by  electrochemical  oxidation  in  the  presence  of  (n-Bu)4NX  (X  =  counter  anion) 
in  1 1 1 » 2-trichloroethane ,  chlorobenzene,  or  tetrahydrofuran  using  a  constant  current 

(2  UA)- 


MeOOC 


MeGOC 


X> 


S  + 


(EtO)3P 

Toluene 


MeOOCv. 
MeOOC'" 


x:x:x 


S"  "S 


LiBr 

HMPA 


cxx; 


Table  2. 

Electrical 

properties 

of 

EDT-TTF 

salts . 

anion 

0  j^T  /  Scm” 

1  E3  /  eV 

PPe 

1300 

metal 

AsFg 

8 

metal 

CIO4 

7 

metal 

Aulg 

21 

metal 

(Tm_j  =  170  K) 

^3 

0.002 

0.15 

Au(CN)2 

100 

metal 

IBrg 

180 

metal 

(T„_j  =  80  K) 

90 

metal 

Fig.  4.  Resistivity  of  ( EDT-TTF ) 2 1 Br2 . 
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In  Table  2,  the  electrical  conductivities  at  room  temperature,  the  activation 
energies  and  the  temperatures  of  metal- insulator  transition  of  EDT-TTF  salta 
arebehaviors  from  those  reported  earlier[ll.  ( EDT-TTF ) gAulCN ) g  was  reported  to  show  a 
summarized.  We  found  the  crystals  of  Au(CN)2  and  IBrg  salts  that  exhibit  different 
semiconducting  behavior  at  room  temperature,  but  our  crystal  of  Au(CN)2  salt  is 
metallic  at  room  temperature.  ( EDT-TTF ) 2lBr2  was  reported  to  show  a  metallic  behavior 
down  to  low  temperature,  but  our  crystal  of  IBrg  salt  have  a  sharp  metal-insulator 

transition  around  80  K  as  shown  in  Fig.  4.  ^ 

The  crystal  data  of  our  crystal  of  ( EDT-TTF )  2 1  Br  2  are;  triclinict  Pl»  a  = 
8.618(7),  b  =  6.406(5),  c  =  13.350(9)  A,  a  =  95.05(6),  6=  92.68(7),  Y=  68.53(6)*,  v 
=  683.2(9)  A^ .  The  crystal  structure  is  shown  in  Fig.  5.  The  structure  is  different 
from  that  already  reported[2].  Therefore  our  crystal  is  a  different  phase  from  that 
already  reported.  In  our  ( EDT-TTF ) 2lBr2 ,  columns  seem  to  exist,  but  within  a  column 
there  are  only  short  contacts  (shown  with  a  line)  between  molecules  in  a  dimer,  and 


there  are  many  short  interstack  contacts 
columns  rather  than  within  a  column. 


Thus  there  is  larger  interaction  between 


Fig.  5.  Crystal  structure  of  ( EDT-TTF ) 2 16^2 . 


Figure  6  shows  the  temperature  dependence  of  resistivity  of  l2Br  salt.  This 
salt  showed  a  metallic  behavior  down  to  0.7  K,  but  not  a  superconductivity.  The 
absence  of  superconductivity  of  this  salt  may  be  due  to  the  disorder  of  the 
orientation  of  13®^  anions. 


Fig.  6.  Resistivity  of  (EDT-TTF) 2l2Br . 
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Recent  our  studies  on  the  development  of  new  molecular  metals  with  various 
types  of  electronic  structures  are  reported,  which  are  :  (1)  organic  metals 
based  on  asymmetric  ir-acceptor  molecule  EDT-TTF,  (2)  stable  molecular  metal 
with  "solid-crossing  segregated  stacks"  of  donor  and  acceptor  molecules, 

(3)  two-dimensional  metal  based  on  r-acceptor  molecule,  Ni(dmit)2  and  (4) 
molecular  metal  with  pir-d  mixing  band,  DCNQI-Cu  system. 

During  the  last  decade,  a  lot  of  works  have  been  devoted  to  search  new  molecular 
superconductors.  In  the  first  half  of  1980s,  the  systematic  "molecular  designing 
analyses"  based  on  simple  tight-binding  band  structure  calculations  have  been 
started.  It  has  been  considered  that  the  design  of  the  molecular  metals  with  2D 
intermolecular  S(Se) . . .S(Se )  contacts  is  a  short  cut  to  get  molecular 
superconductors.  As  a  result,  the  recent  studies  for  searching  new  molecular 
superconductors  have  been  concentrated  on  the  conducting  systems  based  on  the  multi¬ 
sulfur  (selenium)  7r-donor  and/or  Tr-acceptor  molecules.  In  fact,  all  the  molecular 
superconductors  reported  so  far  are  this  type  of  molecular  conducting  systems. 
Besides  the  superconductivity,  unique  physical  phenomena  such  as  oscillatory 
magnetoresistance  have  been  reported  in  these  systems.  However,  it  must  be  said  that 
the  motif  of  the  design  of  molecular  metals  (or  superconductors)  is  rather  limited. 
Considering  the  variety  and  flexibility  of  the  (organic)  molecular  systems,  there 
still  remains  large  possibility  to  find  the  similar  multi-chalcogen  7T-molecules  which 
will  give  superconductors  with  fairly  high  T^.  But  in  order  to  explore  a  new  field 
of  the  molecular  conducting  systems,  another  types  of  the  molecular  conducting  systems 
are  also  desirable. 

In  this  report,  we  will  present  the  synthesis  and  characterizations  of  new 
conducting  systems  obtained  in  the  course  of  the  studies  on  the  development  of  new 
molecular  superconductors. 

(I)  (EDT-TTF) 2X^ '2) 

Up  to  now,  we  have  synthesized  and  examined  many  conductors  based  on  various 
multi-sulfur ( selenium)  ir-donor  molecules  such  as  BEDT-TTF(ET) ,  BMDT-TTF(MT) ,  BPDT- 
TTF(PT),  BEDT-TSF ( ES ) ,  BPDS-TSF  and  so  on.  Among  them,  ET  complexes  have  been  most 
in^tensively  studied  because  of  easiness  of  the  synthesis  and  the  formation  of 
complexes.  Very  recently,  we  have  succeeded  in  synthesizing  another  hopeful  7T-donor 
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molecule  BEDT-TSF  with  a  reliable  yield.  Preliminary  examination  of  the  complexes 
made  by  electrochemical  crystallization  gave  promising  results,  which  will  be  reported 


soon.  '  *  ' 

Besides  the  above  mentioned  symmetrical  tt -donors,  asymmetric  tt -donor  molecules 

have  attracted  much  attension  recently,  because  two  of  them  (DMET  and  MDT-TTF)  gave 
organic  superconductors.  EDT-TTF  is  a  hybrid  between  TTF  and  BEDT-TTF  molecules, 
which  was  obtained  by  cross-coupling  reaction  of  1 , 3-dithiolene-2-thione  and  1,3- 
dithiolene-2-one  in  triethylphosphite.  Cation  radical  salts  of  EDT-TTF  were  prepared 
by  electrochemical  oxidation  in  presence  of  (n-Bu)4NX  (X=PFg,  AsFg,.. .).  Crystal  data 
and  electrical  properties  are  listed  in  Table  1.  . 


"  KX)“~  ChX)  " 


EDT-TTF 


Table  1.  Crystal  data  and  electrical  properties  of  (EDT-TTF)2X 


X 

Au  (  CN  )  ;, 

TaFfi 

AsFfi(a) 

AsFfi(6) 

p^6.: . 

Re04 

C104  ’ 

'  BF4 

space 

group 

pT 

PI 

pT 

Pccn 

Pccn 

C2/c 

C2/c 

C2/c 

a/A 

14.752 

15.213 

14.855 

28.303 

28.014 

29.720 

29.283 

29.133 

b/A 

7.225 

7.049 

7.043 

7.120 

7.122 

7.185 

7.145 

7.134 

c/A 

6.388 

6.463 

6.457 

12.706 

•  12.650 

12.416 

12.417 

12.379 

a/° 

106.15 

102.22 

102.38 

S/“ 

101.56 

102.57 

96.15 

110.56 

T1 1 .54 

111.85 

Y/° 

90.5a 

98.77 

101.68 

z 

1 

1 

1 

4 

4 

4 

4 

4 

V/a3 

639.2 

646.7 

638.1 

2560.5 

2523.9 

2482.4 

2416.5 

2388.0 

R 

0.074 

0.088 

0.037 

0.090 

0.063 

0.115 

0.129 

0.064 

‘^R.T.^ 
S  cm"^ 

5 

10^ 

50 

30 

10^ 

.10 

10^ 

10 

Tm-i/k 

semicon. 

57 

50 

ca.  50 

42 

150 

ca .1 00 

170 

In  all  these  compounds,  the  asymmetric  EDT-TTF  molecules  stack  alternately  to 
form  almost  uniform  columns.  The  EDT-TTF  molecules  is  almost  planar  except  the 
ethylenedithio  fragment.  The  cation  radical  salts  of  EDT-TTF  are  classified  into 
three  almost  isostructural  groups. 

(1)  The  triclinic  group  contains  the  Au(CN)2f  TaFg  and  AsFg  (a  form).  Molecular 
packing  is  similar  to  that  of  the  well-known  Bechgaard  salt,  (TMTSF)2X  (Fig.  1).  Band 
energy  calculations  show  a  psuedo  ID  Fermi  surface.  Although  the  room-temperature 
conductivity  is  fairly  high  and  the  metal-insulator  (MI)’  transition  temperature  is 
fairly  low,  the  MI  transition  cannot  be  suppressed  at  least  up  to  12  kbar(Fig.  2). 

(2)  The  orthorhombic  group  includes  AsFg  (3  form)  and  PFg  salts.  Four  almost 
equivalent  donor  columns  run  along  the  b  axis.  Since  four  EDT-TTF  molecules  are  in 
the  2D  unit  cell  of  each  donor  sheet,  the  system  has  two  pairs  of  quasi-ID  Fermi 
surfaces  (Fig.  3). 

(3)  The  monoclinic  group  contains  the  salts  with  tetrahedral  anions  (BF^,  CIO4 
and  ReO^).  The  band  structure  is  almost  the  same  to  that  of  orthorhombic  group 
compound.  Narrow  ESR  signal  (AH  <  13  G)  suggested  the  strong  electron  correlation. 
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(II)  (EDT-TTF) [Ni(dmit)2]^'^^ 

Intensive  studies  on  the  7r~electron  donor-acceptor ( DA)  complexes  analogous  to  the 
first  metallic  molecular  crystal,  (TTF)(TCNQ)  have  revealed  that  the  CDW  instability 
is  inherent  in  the  ID  molecular  metal  system  with  segregated  D  and  A  columns. 
However,  we  have  recently  found  the  DA  complex,  ( EDT-TTF ) [Ni (dmit ) 2 ] r  which  retain 
metallic  state  down  to  1.5  K.  (EDT-TTF) [Ni(dmit )2 ]  is  polymorphic  (a,  6).  The 

a  form  is  triclinic  and  the  0  form  is  monoclinic.  The  0  form  has  the  mixed  stacks  of 
donors (EDT-TTF)  and  acceptors(Ni (dmit ) 2 ) -  While  the  a  form  has  segregated  columns  of 
D  and  A  molecules.  In  the  crystal  of  a- ( EDT-TTF ) [Ni (dmit ) 2 1 /  the  planar  Ni(dmit)2 
molecules  form  a  uniform  column  along  the  b  axis  with  the  interplanar  distance  of  3.52 
A  (Fig.  4)  (a=6.658,  b=7.627,  c=27.385  A,  a=93.23,  0=91.43,  y=119.29°  ).  The 
asymmetric  EDT-TTF  molecules  stack  alternately  along  [110]  direction.  That  is,  the 
columns  of  D  and  A  molecules  are  not  parallell  to  each  other  but  have  the  "solid 
crossing  arrangement".  The  room-temperature  conductivity  is  100  S  cm“^ .  Upon 
cooling,  the  resistivity  decreases  monotonously  down  to  20  K,  where  the  resistivity 
begins  to  increase.  Around  14  K,  the  resistivity  takes  its  maximum  and  decreases 
again  (Fig.  5).  This  resistivity  anomaly  is  somewhat  sample-dependent  and  is 
suppressed  at  high  pressure.  Superconductivity  was  not  observed.  X-Ray  diffraction 

b* 


Fig.  4.  Crystal  structure  and  Fermi  surface  of  a- (EDT-TTF ) [Ni (dmit ) 2 ] . 


1.0 

0.8 

0,6 

R  0.4 
o 
o 
»— i 

1 

0.2 


1  2 
10/T 


Fig.  5.  Electrical  resistivity  of  a- (EDT-TTF ) [Ni (dmit ) 2]- 
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photograph  taken  at  1 5  K  gave  no  indication  of  the  structure  change.  As  shown  in  Fig. 
4,  the  crystal  is  composed  of  the  metal  sheets  of  D  molecles  and  those  of  A  molecules, 
v/hich  arranged  alternately  along  the  c  axis.  The  calculated  energy  bands  consists  of 
two  quasi-ID  metal  bands,  corresponding  to  those  of  the  D  and  A  sheets.  The  Fermi 
surfaces  have  two  pairs  of  "warped"  planes.  Similar  band  structure  has  been  obtained 
in  TT-acceptor  superconductor,  {CH3 ) ^N[Ni (dmit)2 ] 2-  Reflectance  spectra  suggested  a 
small  anisotropy  of  the  electronic  structure. 


(Ill)  2D  TT-acceptor  metal^^ 

Recently,  we  have  reported  the  first  2D  metal  derived  from  the  7T-acceptor 
molecules,  ot- (DMeDEtN) (Ni{dmit) 2 ]2*  The  2D  metal  nature  has  been  confirmed  by  the 
analyses  of  the  characteristic  molecular  arrangement  of  Ni{dmit)2/  the  extended  Huckel 
band  structure  calculation  and  reflectance  spectra.  Unlike  the  case  of  the  multi¬ 
sulfur  TT-donor  molecules  such  as  ET,  the  intermolecular  interaction  between  Ni(dmit)2 
molecules  in  side-by-side  arrangement  cannnot  be  large,  owing  to  the  b2g  symmetry  of 
the  lowest  unoccupied  molecular  orbital.  In  this  system,  the  2D  nature  arises  from 
the  unique  molecular  arrangement  named  as  "  spanning  overlapping  mode"  (one  molecule 
overlaps  on  two  molecules).  Although  the  calculated  Fermi  surface  is  a  cylindrical 
one  similar  to  those  of  9-  and  K-ET2I3,  superconducting  behavior  was  not  observed  down 
to  1.5  K  and  up  to  5  kbar.  Since  the  positional  disorder  of  the  cation  is  considered 
to  be  unfavorable  to  observe  the  superconductivity,  we  tried  to  remove  the  disorder 
of  the  cation  molecule.  By  introducing  N-dimethylpiperidinium,  (CH3 )  205!!^  qN'*' ,  We  have 
succeeded  in  obtaining  the  new  stable  2D  metallic  system  [  (0113)20511^  qN]  [Ni(dmit)2  ]2# 


which  is  isomorphos  to  ot- ( DMeDEtN ) [Ni (dmit ) 2 ] 2 •  The  elecrical  resistivity  decreases 
with  decreasing  temperature  down  to  4.2  K  (Fig.  6).  further  experiments  are  now  in 
progress . 


Fig.  6.  Elecrical  resistivity  of 
[ (OH3)205HiqN] [Ni(dmit)2]2- 


(IV)  DCNQI-Cu  systems^'®> 

As  mentioned  before,  all  the  molecular  superconductors  hitherto  reported  are 
compounds  based  on  multi-chalcogen  7T-molecules ,  which  can  be  regarded  as  Tr-metal 
systems.  In  order  to  contribute  to  the  better  understanding  of  the  molecular 
superconductors,  design  of  the  other  types  of  molecular  metals  (or  superconductors) 
will  be  highly  desirable.  In  this  sence,  ( DMe-DCNQI ) 2CU  is  important  (DMe-DCNQI=  2,5- 
dimethyl-dicyanoquinonediimine ) .  Soon  after  the  discovery  of  ( DMe-DCNQI ) 2CU  by 
Aumullrer  et  al.  (1986),  we  have  pointed  out  that  this  system  has  "pTT-d  mixing  band". 
Owing  to  the  coexistence  of  the  mixed-valent  Cu  atoms  and  pfr  conduction  electrons  of 
DCNQIs,  many  unique  electric  and  magnetic  properties  have  been  observed. 
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( DMeO-DCNQI ) 2Cu  is  metallic  down  to  0.5  K  at  1  bar  but  it  exhibits  an  anomalous 
temperature  dependence  of  the  resistivity  (p  (metal-semiconductor-metal)  between  8 
kbar  and  10  kbar  (Fig.  7).  The  P-T  curve  of  the  low-temperature  metallic  state  does 
not  seem  to  be  a  simple  extrapolation  of  that  of  the  high-temperature  metallic  state. 
Magnetic  susceptibilities  (X)  indicate  that  the  magnetic  ions  (Cu^**")  emerge  when  p7r 
conduction  electron  disappear.  Large  enhancement  of  x  of  (DMe-DCNQI )2Cu  was  observed 
below  100  K  (at  1  bar).  The  alloy  system  [ (DMe ) ^ _3^(MeBr )^-DCNQI ]2Cu,  showed  the 
resistivity  anomaly  similar  to  that  observed  at  high  pressure  (x<0.1).  Low- 
temperature  specific  heat  suggested  that  the  effective  mass  of  the  metal  electron 
becomes  **heavy"  in  this  "small-x  region".  In  (MeBr-DCNQI >2 (Cu^ _yLiy ) ,  the  metal- 
insulator  transition  accompanied  by  the  lattice  distortion  was  observed  at  the 

intermediate  temperature  between  the  transition  temperature  of  (MeBr-DCNQI ) 2CU  and 
that  of  ( MeBr-DCNQI )2Li. 
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A  Novel  Type  of  Halogen^Bridged  One-Dlmensional  Metal  Complexes  :  Syntheses, 

Structures  and  Solid  State  Properties  of  -Ni(ni)-X-Ni(III)-  Compounds  (X=^C1  and  Br) 
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Halogen-bridged  linear  chain  compounds,  Ni(chxn)2X3  (X=C1  and  Br;  chxn=lR,2R- 
cyclohexanedlamine)  were  synthesized  and  the  novel  one-dimensional  -Nl(III)-X-Nl(ni)- 
structures  with  no  Peierls  distortion,  which  were  to  our  knowledge  the  first 
examples,  have  been  confirmed  on  the  basis  of  careful  consideration  of  single¬ 
crystal  X-ray  diffraction  results.  On  the  basis  of  their  reflectance  spectra, 
electrical  conductivities,  magnetic  susceptibility  and  ESR,  these  N1  complexes  are 
considered  one-dimensional  Hubbard  systems,  that  Is,  Mott-lnsulators,  which 
is  composed  of -Ni(in)-X-Ni(in)-.  The  magnetic  behavior  of  Nl(chxn)2Br3  shows 
very  strong  antiferromagnetic  coupling  between  electronic  spins  (S=l/2)  on 
the  Ni(in)  atoms  with  J--3600K.  The  two-dimensionality  of  the  fairly  tight 
hydrogen-bond  network  among  chains  may  play  an  important  role  of  stabilizing 
such  rare  and  Interesting  states. 

Introduction 

Halogen-bridged  one-dimensional  M(n)-M(IV)  mixed-valence  compounds  of  Pt,  Pd  and  Ni  show 
interesting  physical  properties  due  to  strong  electron-lattice  interaction  such  as  the  strong 
intervaience  charge  transfer  absorption,  the  luminescence  with  a  large  Stokes-shift,  the  long 
overtone  progression  in  the  resonance  Raman  spectra,  and  the  midgap  absorptions  attributed  to 
polarbn  or  sollton. Their  physical  properties  have  been  extensively  investigated  to  clarify 
the  nature  of  the  ground  state,  excited  state  and  relaxation  process  in  the  half-filled  Peierls 
Hubbard  system,  where  the  four  physical  parameters  (S,T,U,V)  are  in  competition  with  each  other.®^ 
Generally  the  undistorted  -M(ni)-X-M(ffl)-  structures  are  unstable  due  to  the  strong 
electron-lattice  interaction,  which  is  characteristic  of  the  quasi-one-dimenslonal  electronic 
system.  Then,  the  bridging  halogen  ions  in  these  compounds  are  slightly  deviated  from  the  middle 
point  between  the  adjacent  metal  ions,  resulting  In  the  charge  density  wave  (CDW)  or  M(n)-M(IV) 
mixed-valence  state.  As  a  result,  the  half-filled  dz®  electron  band  is  split  into  the  valence  and 
conduction  bands  with  a  finite  energy  gap  or  Peierls  gap.  So  far  about  two  hundred  compounds  have 
been  synthesized  with  the  general  formula  of  [M(  n  )(AA)23[M(IV)X2(AA)2lY^  (M=Pt,Pd,Nl  :  AA=dlamines 
etc.  :  X=Cl,Br,I  :  Y^CIO^,  X  etc.).  The  relation  between  the  Peierls  energy  gaps  and  the  lattice 
distortion  has  been  established  by  a  number  of  the  structural  and  optical  studies.  From  such 
experimental  and  theoretical  results,  it  has  been  expected  that  a  Ni  system  should  be  most 
suitable  to  synthesize  the  undistorted  -M(ni)-X-M(ffl)-  compound,  which  is  one  extreme  limit  of 
M(  n )— X-M(IV)-X  compound  and  is  particularly  interesting  In  its  electronic  structure  and  physical 
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properties.^’® 

Experimental 

Lustrous  golden  needle  crystals  of  NKchxnlaCls  (1)  were  grown  by  slow  diffusion  of  CU  Into 
2-methoxyethanol  solution  of  [NlCUCchxnlz]  under  Ns  atmosphere.  Black  prismatic  crystals  of 
NKchxnlsBra  (2)  were  prepared  by  the  similar  method  using  Bra  and  [NlBra(chxn)a]. 

Single  crystal  X-ray  analyses  were  carried  out  at  room  and  low  temperature.  Intensity  data  were 
collected  on  Enraf-Nonlus  CAD4  and  Rlgaku  AFC-5  four-circle  diffractometers  with  graphite 
monochromated  MoKa  radiation.  Crystal  data  at  low  temperature  are  :  (1)  C,aHaBN4NlCl3. 

orthorhombic.  1222,  Z=2.  a=23.975(5),  b=4.894(l).  c=6.913(l)A,  V=811.1(3)A®.  Dx=1.611gcm-^ /z  (Mo  Ka ) 
=16.78cm”’:  (2)  CiaHaaNJ^lBrs.  orthorhombic,  1222,  Z=2,  a=23.501(4),  b=5.157(l),  c=7.090(l)A, 

V=859.3(3)A®,  Dx=2.036gcm"®,  // (M©  Ka  )=85.24cm“'. 

The  physical  property  measurements  were  carried  out  by  the  methods  described  elsewhere.'^ 


Fig.l  Structure  of  Nl{chxn)2Br3 


Results  and  Discussion 

Both  the  crystal  structures  of  1  and  2  are  isomorphous 
with  each  other.  The  Ni(chxn)2  moieties,  lying  on  the  special 
position  of  222,  are  bridged  by  halogen  atoms  and  stacked 
along  the  b-axls,  constructing  a  linear  chain  structifre.  The 
neighboring  Ni(chxn)a  moieties  along  the  same  chain  are  linked 
by  four  NH— X“—HN  hydrogen-bonds.  Moreover,  as  shown  in 
Fig.l,  the  hydrogen-bond  network  extended  among  the  chains 
constructs  a  two-dimensional  structure  parallel  to  the  be 
plane.  In  order  to  discuss  their  electronic  structures.  It 
is  essential  to  decide  whether  the  bridging  halogen  atoms  are 
located  at  the  midpoints  between  two  Ni  atoms  (Nl(in)-X-Ni(ni))  or  deviated  from  the  midpoints  ( 
Ni(n)-X-Nl(IV)).  On  the  basis  of  careful  consideration  of  the  X-ray  diffraction  results  as  shown 
below,  it  was  confirmed  that  they  have  the  linear  chain  Ni(ffl)-X-Nl(ffl)  structures.  Firstly,  both  the 
Nl(ni)-X  distances  of  the  chain  compounds  1  and  2  are  significantly  shorter  than  those  of  the 
discrete  Nl(ffl)  compounds,  respectively.  Secondly,  the  structure  analyses  do  not  indicate 
positional  disorders  of  the  bridging  halogen  atoms.  Thirdly,  neither  diffuse  scattering  nor 
satellite  peak  relating  to  a  superstructure  have  been  observed  on  the  X-ray  oscillation  and 
Welssenberg  photographs.  Finally,  the  full-matrix  least-squares  refinements  including  occupancy 
factors  of  the  bridging  and  counter  halogen  atoms  revealed  the  stoichiometric  structures. 

In  the  reflectance  spectra  polarized  parallel  to  the  chain,  strong  structures  are  observed.  But 


there  are  no  significant  structures  in  the  spectra  perpendicular  to  the  chain.  The  s  z  spectra  are 
relatively  sharp  and  remarkably  asymmetric  with  a  long  tall  extending  to  the  higher  energy  region, 
being  considerably  different  from  those  of  the  Pt  and  Pd  compounds  in  the  CDW  states.  The  peak 
energies  of  the  absorption  are  1.9eV  for  1  and  1.28eV  for  2.  They  can  be  assigned  to  the  CT  exciton 
in  such  a  way  as  Ni(ni)*Nl(in)  —  Ni(IV)+Nl(  n ).  because  the  discrete  NKDI)  compounds  show  no  strong 
absorptions  in  these  regions.  These  compounds  show  neither  luminescence  nor  progressive 
resonance  Raman  spectra  which  are  characteristic  of  the  CDW  states.  Single  crystal  electrical 
conductivity  measurements  show  very  small  activation  energies  and  relatively  high  conductivities. 
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compared  with  the  compounds  in  the  CDW  states.  The  room  temperature  conductivities  and  activation 
energies  along  the  chain  axes  were  lx  10“®Q -'em"'  and  0.19eV  for  1,  and  2x  10"®Q "'em"'  and  O.lleV 
for  2,  respectively.  Therefore,  these  compounds  are  regarded  as  one-dlmenslonal  Hubbard  systems, 
that  Is,  Mott-lnsulators. 

With  decreasing  temperature  from  room  temperature,  the  magnetic  susceptibility  of  2  (xm)  is 
almost  constant  (--10"®  emu  mol"' )  down  to  about  50K  and  shows  a  sharp  Increase  at  the  lower 
temperature.  The  latter  component  which  follows  the  Curie  law  is  attributable  to  non-interacting 
spins.  ;tM  shows  no  significant  anisotropy.  ESR  spectra  of  2  were  also  measured  from 
at  room  temperature  and  below.  An  ESR  signal  with  a 
Lorentzlan  line  shape  was  observed  around  g=2.  The 
integrated  intensity  is  plotted  as  spin  susceptibility  x  s  In 
Fig. 2.  The  result  is  essentially  consistent  with  that  of 
The  observed  Isotropic  and  temperature-independent  behavior 
seems  to  be  characteristic  of  the  one-dlmenslonal  Heisenberg 
(S=l/2)  chain  with  a  strong  antiferromagnetic  exchange 
Interaction.  If  It  Is  assumed  that  the  concentration  of  non¬ 
interacting  spins  Is  0.22^  and  the  exchange  energy  J=3600K.  the 
characteristic  feature  of  x  s  is  well  reproduced  as  shown  in 
Fig,  2,  In  which  the  calculated  curve  plotted  by  broken  lines  Is 
the  sum  of  the  Bonner-Flsher  curve  and  the  Curie  curve. 

Generally,  in  the  half-filled  quasl-one-dlmenslonal  Hubbard  system,  dimeric  lattice  distortions 
with  the  period  of  twice  the  lattice  constant  occur  by  the  effect  of  site-diagonal  or 
site-offdiagonal  (spln-Peierls  type)  electron  lattice  interaction  at  low  temperature.  Therefore,  In 
the  N1  compounds,  the  two-dlmenslonallty  of  the  hydrogen-bond  network  may  suppress  the  effect  of 
electron-lattice  Interaction. 
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susceptibility  of  Nl(chxn)aBr».  The  broken 
lines  represent  the  linear  conblnation  of  the 
Bonner-Flsher  curve  and  the  Curie  curve. 
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A  new  organic  conductor,  ( EDT-TTF ) 2AuBr2 ,  where  EDT-TTF  is  an  unsymmetrical 
donor,  ethylenedithiotetrathiafulvalene ,  exhibits  an  metal-to-semiconductor 
transition  at  20  K.  Above  this  transition,  a  considerable  Curie-like 
enhancement  of  the  spin  susceptibility  is  observed.  There  are  investigated 
the  crystal  structure,  the  energy  band  structure,  the  resistivity  under 
pressure,  the  thermoelectric  power,  and  the  ESR. 

The  discovery  of  superconductivity  in  the  organic  conductors  of  unsymmetrical 
electron  donors  has  elucidated  that  unsymmetry  of  a  donor  is  no  more  the  origin  of 
disorder,  which  is  disadvantageous  to  superconductivity,  but  is  a  useful  means  to 
hybridize  two  different  components  to  construct  a  novel  organic  donor  molecule.  The 
hybrid  is  naively  expected  to  show  the  intermediate  properties  of  the  original 
symmetrical  donors.  Then  it  is  interesting  to  explore  the  properties  of  EDT-TTF 
complexes,  where  EDT-TTF  is  a  hybrid  of  the  well-known  organic  donors,  BEDT-TTF 
(bis ( ethylenedithio ) tetrathiafulvalene )  and  TTF  ( tetrathiafulvalene) .  We  have 
systematically  investigated  the  halogenometal  complexes  of  EDT-TTF,  and  obtained  a 
comparatively  high-conducting  complex,  (EDT-TTF) 2AuBr2 i  which  is  metallic  down  to  20 
K  [1]  . 

Crystals  in  the  form  of  very  thin  elongated  plates  were  grown  by  electrochemical 
crystallization.  Crystal  data:  monoclinic,  space  group  C2/m,  a  “  7.200(3),  b  s 
28.974(7),  c  =  6.647(2)  A,  /}  =  111.68(3)’,  V  =  1288.7(8)  A^,  and  Z  =  2.  There  appear 
considerably  intense  three-fold  reflections  along  the  c  axis,  which  originate  in  the 
anion  lattice.  The  analysis  of  this  three-fold  structure  has  not  succeeded,  and  only 
the  average  structure  is  analyzed,  where  the  bromine  atoms  are  treated  as  disordered. 

As  shown  in  Fig.  1,  the  donors  are  stacked  along  the  a  axis,  along  which  the 
shape  of  the  crystal  is  elongated.  Along  this  stack,  the  ethylenedithio  parts  (outer 
rings)  of  EDT-TTF  are  arranged  alternatingly ,  and  there  is  no  disorder  on  the  donors. 
This  is  common  to  other  complexes  of  unsymmetrical  donors.  The  terminal  carbon  atom 
of  the  ethylenedithio  moiety  is  about  0.45(5)  A  out  of  the  TTF  plane,  as  observed  in 
the  BEDT-TTF  complexes.  The  Interplaner  spacing  of  the  donors  is  3.60(2)  A.  The 
donors  have  considerable  interatack  interaction  to  form  conducting  sheets  parallel  to 
the  ac  plane. 

The  tight-binding  energy  band  structure  is  calculated  as  shown  in  Fig.  2.  The 
Fermi  surface  is  open  perpendicularly  to  the  a  axis,  while  it  is  considerably 
corrugated  due  to  the  interstack  interaction.  The  ratio  of  the  intrastack  to  the 
interstack  interactions  is  S^/S^  =  3.  This  value  is  somewhat  larger  than  the  BEDT-TTF 
complexes  (S^^/Sj.  <  2),  but  smaller  than  the  (TMTSF)2X  family  (S^^/Sj.  slO)  (TMTSF: 
tetramethyltetraselenafulvalene) ,  Hence  the  dimensionality  decreases  in  the  order: 
BEDT-TTF  >  EDT-TTF  >  TMTSF  >  TTF.  The  single  ethylenedithio  moiety  of  EDT-TTF  makes 
the  interstack  interaction  considerably  stronger  than  TTF,  but  not  strong  enough  to 
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Fig.  1.  Crystal  structure,  projection 
along  the  b  axis. 


Fig.  2.  Tight-binding  band  structure  and 
the  Fermi  surface.  Overlap  integrals  are 
a=-22.3,  b=-7.4,  and  c=2.9  x  10“^. 


«ake  the  Fermi  surface  closed  as  has  been  observed  in  some  BEDT-TTF  complexes  [6]. 

The  temperature  dependence  of  the  dc  resistivity  is  shown  in  Fig.  3.  The 
conductivity  is  about  200  Scm"*  at  room  temperature,  and  is  metal-like  down  to  about 
30  K.  Below  this  temperature,  the  resistivity  increases  gradually,  and  more  steeply 
below  18  K.  When  cooling,  we  observed  frequent  resistance  jumps  in  the  metallic 


region,  while  no  resistance  jump  is  observed  in  the  heating  run. 

Application  of  pressure  gradually  reduces  the  low-temperature  resistance  rise; 
R(1.5  K)/R  =  33  at  ambient  pressure  decreases  to  3  at  12  kbar.  The  pressure, 
however,  lowLs  the  transition  temperature  very  slowly;  the  resistivity  minimum  is  14 
K  even  at  12  kbar.  The  resistance  jumps  of  the  high-temperature  metallic  region 
observed  in  the  cooling  run  do  not  occur  under  pressure.  No  indication  of 
superconductivity  has  been  observed  at  the  temperature  down  to  1.5  K  and  under  the 


Temperalure  (K) 

Fig.  3.  Temperature  dependence  of  the 
dc  resistivity  under  pressure,  measured 
along  the  a  axis. 


Fig.  4  Temperature  dependence  of  the 
thermoelectric  power  measured  along  the 
a  axis. 
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Fig.  5.  ESR  results.  (a)  Temperature 
dependence  of  the  peak-to-peak  linewidth. 
(b)  Temperature  dependence  of  the  ESR 
intensity.  The  solid  curve  and  the  4kp 
and  the  2kp+4kp  transitions  are  taken 
from  the  theoretical  expectation  [2]. 


pressure  up  to  12  kbar. 

Figure  4  shows  the  temperature  dependence  of  the  thermoelectric  power.  The  posi¬ 
tive  value  indicates  that  the  carriers  are  holes  on  the  donors.  It  is  linearly 
dependent  on  the  temperature  in  the  metallic  region.  Some  BEDT-TTF  conductors,  which 
have  comparatively  complicated  two-dimensional  band  structures,  exhibit  complicated 
temperature  dependences.  The  simple  linear  temperature  dependence  of  the  present 
complex  suggests  a  simple  band  structure.  The  above-mentioned  band  calculation  shows 
the  one-dimensional  band  is  a  good  approximation.  Assuming  the  one-dimensional  tight- 
binding  band,  the  temperature  gradient  of  the  thermoelectric  power  affords  the 
bandwidth  4tg^  =  0.63  eV . 

Figure  5  shows  the  results  of  the  ESR  measurement.  The  observed  line  shape  is  a 
single  Lorentzian  over  the  whole  temperature  range.  The  g-value  is  essentially 
temperature- i ndependent ,  and  the  linewidth  shows  linear  temperature  dependence  {Fig. 
5(a)).  Below  20  K,  the  linewidth  is  almost  constant.  From  room  temperature  to  80  K, 
the  ESR  intensity  shows  almost  constant  Pauli-like  behavior  (Fig.  5(b)).  Below  80  K, 
it  shows  a  Curie-like  rise,  succeeded  by  a  discontinuous  decrease  at  20  K,  below  which 
it  decreases  by  an  activated  fashion.  The  Curie— like  behavior  suggests  a  highly 
correlated  system,  in  which  the  Hubbard  U  is  fairly  large.  A  discontinuity  is  seen 
when  the  spin  degrees  of  freedom  are  lost  in  such  a  case  as  a  spin  Peierls  transition. 
The  results  of  a  reported  model  calculation  [2]  depicted  in  Fig.  5  seem  to  reproduce 
the  experiment  fairly  well.  However,  the  origin  of  the  20  K  transition,  whether  spin- 
Peierls  or  spin-density  waves,  is  yet  unclear  only  from  the  present  observations. 
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Annealing  of  the  title  compound  at  about  IlOK  for  20-40  hr  causes  a  change 
in  the  superstructure,  and  gives  rise  to  two  superconducting  states  with 
the  critical  temperature  of  2K  and  -7.5K.  The  former  state  is  found  to 
occupy  most  of  the  sample  volume.  This  state  having  T^  of  2K  has  a  lower 
resistance  and  a  narrower  EPR  line  width  in  its  normal  state  than  this 
compound  without  annealing  has.  Furthermore  the  critical  field  anisotropy 
decreases  in  this  2K- superconduct ing  state.:  These  resuslts  suggest  that  the 
randomness  of  this  system  decreases  or  the  interlayer  coupling  of  electrons 
increases  during  annealing.  Discussion  is  made  on  possible  phase  diagram  of 
this  compound. 

1. INTRODUCTION 

The  significance  of  organic  superconductivity  is  two-fold:  First,  organic 
conductors  may  possibly  present  superconductivity  of  novel  type  even  though  we  refrain 
from  talking  about  the  high- temperature  superconductivity.  Second,  they  provide  more 
clues  than  other  materials  do  to  find  out  and  Investigate  actual  mechanisms  of 
superconductivity.  These  are  brought  about  by  a  peculiarity  of  organic  materials;  low- 
dimensionality  of  their  electron  systems,  softness  of  the  lattice,  des Ignabil 1 ty  of 
molecules  constituting  the  lattice  etc. 

From  the  latter  point  of  view  we  have  been  studying  possible  origins  for  the 
difference  between  the  critical  temperatures  of  the  so-called  "low-T^”  and  the  "hlgh- 
Tj,"  states  of  )3- ( BEDT-TTF ) 2I3 .  It  is  well-known  that  the  "Iow-T^j”state .  whose  critical 
temperature  T^  is  1-1. 5K.  appears  when  an  applied  pressure  is  lower  than  a  critical 
value  .0.4kbar  [1.2]  and  the  ”hlgh-Tj,”  one  with  in  the  higher  pressure  range.  An 
incommensurate  superstructure,  which  is  expected  to  be  present  in  the  pressure  range 
same  as  that  of  the  "low-T^.”  state,  has  been  expected  to  play  an  important  role  in 
dominating  the  critical  temperature.  [3.4] 

In  a  preceding  paper  [5]  we  verified  directly  the  presence  of  the  superstructure 
in  the  lower  pressure  range  mentioned  above.  Furthermore  we  found  that  the 
superstructure,  which  appears  below  175K  at  ambient  pressure,  became  unstable  below 
about  llOK.  The  stable  state,  which  is  realized  when  an  annealing  is  made  for  20-40  hr 
at  about  IlOK,  was  found  to  have  the  superstructure  with  a  wave  vector  different  from 
that  of  the  sample  without  annealing.  We  found  also  an  associated  Increase  of  the 
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superconducting  critical  temperature;  Annealed  samples  undergo  a  superconducting 
transition  at  2K,  which  is  higher  than  that  of  the  "low-Tg"  state.  In  addition, 
another  superconducting  state  with  T^-T.SK  is  found  to  appear  in  a  small  volume  of 
samples  .  [ 6  J 

In  the  present  study  we  examine  properties  of  the  two  superconducting  states 
found  in  annealed  samples,  and  Investigate  possible  origins  for  the  difference  in 
critical  temperatures  between  annealed  and  quenched  samples. 

2.  EXPERIMENTS 

Sample  crystals  were  prepared  by  a  convensional  electrochemical  method.  By  EPR 
measurements  we  verified  no  inclusion  of  a-iBEDT-TTDalg.  which  may  turn  into  the/3- 
phase  and  make  experimental  results  ambiguous.  Dc  resistance  of  samples  was  measured 
by  a  convensional  four  probe  method  with  gold  wires  of  10/m  dia.  glued  with  gold 
paint  onto  the  two-dimensional  ab-plane  of  samples.  Magnetization  measurements  were 
made  under  the  magnetic  field  of  10  Oe  in  a  SQUID  magnetometer.  EPR  measurements  of 
carriers  were  made  in  the  X-band  on  a  single  crystal,  whose  c*-axis  was  parallel  to 
the  magnetic  field. 

3.  RESULTS  AND  DISCUSSION 

DPresence  of  two  superconducting  states  in  annealed  samples 

As  we  showed  in  the  preceding  report.  [5]  the  electrical  resistance  of  annealed 
samples  suggests  the  presence  of  two  superconducting  transitions  at  .7.5K  and  2K. 

The  former  appears  to  be  a  partial  superconductivity  in  the  sample,  while  the 
latter  is  expected  to  be  a  superconductivity  of  the  whole  volume.  In  contrast,  the 
same  sample  without  annealing,  l.e.  cooled  down  through  the  temperature  range  120-100K 
with  a  convensional  cooling  speed.  Just  starts  to  become  superconducting  at  about  1.5K 
as  shown  in  Fig.l.  Thus  two  superconducting  states  with  T^  of  about  7.5K  and  2K  appear 
as  a  result  of  annealing. 

Magnetization  measurements  of  annealed  samples  tell,  as  shown  in  Fig. 2.  that  the 
2K-superconductlng  state  amounts  to  almost  bulk  superconductivity  while  the 
diamagnetic  signal  due  to  7.5K-superconducting  state  is  approximately  an  order  of 
magnitude  smaller  than  the  latter. 
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Fig. 2  Temperature  dependence  of  the 
magnetization  of  ( BEDT-TTF ) «I « 
TEMPERATURE (K)  annealed  at  about  IlOK  for  135nr. 

Fig  1  Temperature  dependence  of  the  Open  circles  denote  the  results  of 
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These  results  Imply  a  decrease  of  scattering  probability  of  carriers  in  the  annealed 
state  having  the  critical  temperature  of  2K.  Hence  one  may  conjecture  that  the 
Increase  of  T^.  from  1.5K  to  2K  is  brought  about  by  the  reduction  of  disorder  in 
samples.  It  is  important  to  note,  however,  that  the  increase  of  is  not  continuous 
as  shown  in  Fig. 4.  Critical  temperatures  intermediate  between  -1.5K  and  2K  cannot  be 
found.  This  leads  to  the  conclusion  that  the  2K-  superconducting  state  is  another 
phase  of  superconductivity  which  is  qualitatively  different  from  the  "low-T(,"  state. 

In  the  light  of  this  consideration  we  would  point  out  a  possibility  that  a 
disorder  concerning  the  conformational  degree  of  freedom  of  BEDT-TTF  molecules  plays  a 
key  role  as  it  is  discussed  in  the  preceding  report  [51.  It  is  believed  that  the  A- 
and  B-type  conformations  coexist  in  the  ”low-Tg"  state  although  only  the  A-type  is 
present  in  the  "high-Tg"  state.  Therefore  a  certain  degree  of  disorder  is  expected  to 
be  inevitably  present  in  the  conformation  because  it  must  be  Involved  in  the 
superstructure  which  is  incommensurate.  [31  We  conjecture  that  all  molecules  turn  into 
the  A-type  when  the  wave  vector  of  the  superstructure  is  changed  by  annealing.  EPR 
results  of  the  present  study  support  this  idea  because  the  EPR  llnewldths  at  the 
beginning  and  at  the  end  of  the  annealing  processes  are  similar  to  those  of  the  "low- 
T  "  and  the  "high-Tj."  states,  respectively,  observed  by  Hurdequlnt  et  al.  [8] 

Measurements  of  the  upper  critical  field  provides  another  clue  to  examine 
properties  of  the  superconducting  states.  [91  Figure  5  shows  temperature  dependence 
of  of  the  "low-T  "  and  the  2K-superconducting  states.  They  look  quite  similar  to 
each  other  except  the  difference  in  T,, .  Careful  analyses  suggest,  however,  a  bit  of 
reduction  in  the  anisotropy  of  H(;2  1"  the  2K-superconductlng  state.  This  is  consistent 
with  the  above  idea  of  the  conformational  change  during  the  annealing,  because  the 
conf armat ional  change  involves  an  Intramolecular  structural  change  near  the  edge  of  a 
BEDT-TTF  molecule.  This  type  of  change  is  expected  to  affect  the  interlayer  coupling. 


Fig. 5  Temperature  dependence  of  the 
upper  critical  field  H^2  both 
states  before  and  after  annealing. 


PRESSURE  (kbar) 

Fig. 6  The  obtained  phase  diagram  of 
y3-(BEDT-TTF)2l3 
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With  respect  to  the  7 . SK-superconduct ing  state,  H^2  ®  function  of  temperature 

is  found  to  be  essentially  the  same  as  that  of  the  "high-T^"  state.  The  similarity  of 
both  and  suggests  that  the  7 . 5K-superconduct Ing  state  is  nothing  but  the 

”hlgh-T^,"  state,  which  has  only  the  A-type  of  conformation  of  BEDT-TTF  molecules  and 
has  no  superstructure.  We  conjecture  that  the  7 . SK-superconduct ing  state  is  presumably 
brought  about  In  a  small  volume  of  samples  by  the  structural  change  during  the 
annealing,  because  the  structural  change  will  generate  a  local  pressure  in  samples 
leading  to  killing  off  of  the  superstructure. 

3)  Possible  pase  diagrams  of ^ BEDT-TTF ) 2I3 

We  have  presented  above  the  following  picture,  depicted  in  Fig. 6,  for  the 
structural  and  superconducting  states  of  the  present  material:  When  a  sample  is  cooled 
down  with  an  ordinary  speed,  it  becomes  structurally  metastable  below  about  IlOK  and 
undergoes  a  superconducting  transition  at  1-1. 5K.  This  is  the  well-known  low-T^ 
state  having  both  A-  and  B-types  of  BEDT-TTF  molecules.  When  we  anneal  the  sample  at 
about  IlOK  allowing  the  structural  change  to  occur,  the  sample  enters  a  stable  state 
with,  presumably,  the  A-type  only  and,  therefore,  has  less  disorder.  Its  critical 
temperature  is  raised  up  to  2K  di scont Inuous ly  because  the  conformational  change  is 
expected  to  cause  the  discontinuous  reduction  of  disorder  in  the  conformation  of  BEDT- 
TTF  molecules.  During  the  annealing  process  a  small  volume  of  the  sample  loses  the 
superstructure  because  of  a  local  pressure  generated  by  the  structural  change.  Those 
parts  of  the  sample  belong  to  the  so-called  high-T^  state  with  T^-T.SK.  The 
difference  of  T^,  between  the  "high-T^,”  state  and  the  "low-T^”  or  the  2K- 
super conduct Ing  state  is  presumably  ascribed  to  the  superstructure. 

We  should  keep  another  possibility  for  the  ground  state  at  ambient  pressure. 
Above  picture  assumes  the  ground  state  to  have  still  the  superstructure  although  the 
conformation  of  BEDT-TTF  molecules  has  only  the  A-type.  However,  magnetization 
measurements  suggest  [10]  that  the  7 . 5K- superconduct ing  state  appears  to  surpass  the 
2K-one  in  volume  fraction  when  the  annealing  is  continued  for  a  very  long  time.  This 
result  cannot  lead  to  a  unique  conclusion  but  leave  a  few  possibilities  because  the 
samples  experience  many  times  of  thermal  cycling  between  the  annealing  temperature 
IlOK  and  lower  temperatures  for  the  observation  of  the  change  in  superconducting 
properties  during  the  annealing.  This  process  may  Increase  the  volume  fraction  of  the 
"high-T^”  state  by  giving  local  pressures  to  the  samples.  It  is  left  for  further 
studies  whether  the  2K-superconduct ing  state  is  the  ground  state  at  ambient  pressure 
or  the  real  ground  state  is  the  ”high-T^j”  state  having  no  superstructure. 
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Unconventional  Superconductivity  in  the  Organic  Superconductor , 

K- ( BEDT-TTF ) 2Cu ( NCS ) 2 

Toshihiro  Takahashi  and  Kazushi  Kanoda 

Department  of  Physics,  Gakushuin  University 
1-5-1  Mejiro,  Toshima-ku,  Tokyo  171,  Japan. 

Unconventional  natures  of  the  superconductivity  in  the  organic  superconduc¬ 
tor,  K-(BEDT-TTF)2Cu(NCS)2f  were  revealed  by  ^H-NMR  relaxation  and  complex 
susceptibility  measurements.  The  existence  of  new  relaxation  mechanism, 
very  probably  related  to  vortex  dynamics  in  the  superconducting  state,  was 
found.  The  temperature  dependence  of  magnetic-field  penetration  depth,  X, 
was  found  to  follow  a  power  law  at  low  temperatures,  instead  of  an  exponen¬ 
tial  behavior  expected  in  the  BCS  theory.  This  result  strongly  suggests 
anisotropic  superconductivity  of  gapless  nature. 

Extensive  research  on  material  science  has  provided  several  exotic  metals  such  as 
heavy  electron,  organic  and  oxide  superconductors.  It  has  become  a  practical  problem 
whether  the  superconductivity  in  these  materials  is  of  conventional  BCS-type  or  not. 
Among  them,  the  heavy  electron  systems  have  increasing  evidences  that  these  are  not 
conventional  superconductors.  This  finding  came  in  part  from  the  measurements  of 
temperature  dependences  of  specific  heat  [1],  nuclear  spin-lattice  relaxation  rate  [2], 
ultrasonic  attenuation  [3]  and  magnetic  field  penetration  depth  [4]. 

The  title  compound,  k-(BEDT-TTF) 2Cu(NCS) 2 f  has  the  highest  transition  temperature, 
Tc  10.4  K,  among  the  organic  superconductors  to  date  [5].  This  compound  consists  of 
alternating  sheets  of  BEDT-TTF  molecules  and  Cu(NCS)2  ions,  and  is  characterized  by  a 
quasi-two-dimensional  electronic  state.  Several  experiments  aiming  at  the  clarification 
of  the  type  of  superconductivity  have  been  made.  Specific  heat  was  measured  by 
Katsumoto  et  al.  [6],  who  found  that  it  follows  the  T^  law  at  low  temperatures.  How¬ 
ever,  possible  large  contribution  of  phonons  did  not  allow  them  to  deduce  the  tempera¬ 
ture  dependence  of  electronic  part.  The  /*H  nuclear  spin-lattice  relaxation  rate,  T^~^ 
was  measured  by  our  group  [7].  The  observed  temperature  dependence  of  T^ however, 
was  far  from  any  behaviors  already  predicted.  This  strongly  suggests  the  existence  of 
some  other  relaxation  mechanism,  never  considered.  In  the  first  part  of  this  report,  we 
summarize  the  previous  results  at  finite  fields  and  also  present  new  data  obtained  at 
zero  field  by  using  field  cycling  technique. 

Magnetic-field  penetration  depth,  X,  probes  the  type  of  superconductivity.  We  made 
precise  measurements  of  complex  susceptibility,  Xr  for  single  crystals  of  k-(BEDT- 
TTF) 2Cu(NCS ) 2  and  derived  penetration  depth  in  two  directions  of  external  field.  An 
evidence  of  anisotropic  superconductivity  of  gapless  nature  is  reported.  This  is  the 
second  topic  of  this  report. 

Nuclear  Spin-Lattice  Relaxation 

The  nuclear  spin-lattice  relaxation  rate  is  a  powerful  probe  to  investigate  the 
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type  of  superconductivity.  There  have  been  observed  two  different  temperature  depen¬ 
dences  of  the  nuclear  spin-lattice  relaxation  rate,  Ti'l,  in  the  superconducting 
states,  depending  on  the  type  of  electron  pairing:  For  s-wave  pairing  with  isotropic 
nature  as' in  the  BCS  model,  Ti"''  increases  just  below  Tg,  and  then  decreases  exponen¬ 
tially  due  to  the  presence  of  finite  gap  18).  In  anisotropic  superconductivity  with  a 
gapless  nature,  the  enhancement  below  Tg  does  not  appear  and  the  low  temperature  varia¬ 
tion  follows  a  power  law  (9).  The  latter  behavior  of  the  unconventional  superconductiv¬ 
ity  has  been  reported  in  a  typical  organic  superconductor,  (TMTSF >20104  (10).  The  or¬ 
ganic  conductors  are  now  intriguing  materials  from  the  viewpoint  of  physics  of  the 
superconductivity. 

In  K- ( BEDT-TTF ) 2Cu ( NCS ) 2 f  we  have  reported  an  unusual  enhancement  of  relaxation 
rate  never  observed  in  the  usual  superconductors  [7].  The  temperature  dependences  of 
T,-''  at  finite  fields  are  summarized  as  follows:  At  3.28  )cOe,  Ti -I  was  greatly  enhanced 
below  Tc,  forming  a  pea)t  around  4  K,  and  then  decreases  rapidly  at  lower  temperatures 
toward  zero.  The  peak  value  was  about  30  times  as  large  as  that  at  10  K.  At  a  higher 
field,  11.7  kOe,  the  enhancement  of  T-)"^  was  reduced  and  the  peak  position  shifted  to  a 
lower  temperature,  3  K.  The  anomaly  took  place  well  below  the  superconducting  transi¬ 
tion.  The  large  field  dependence  was  indicative  of  a  close  relation  to  the  superconduc¬ 
tivity.  The  recovery  of  the  nuclear  magnetization  fitted  well  to  a  single  exponential 
curve  for  the  whole  measurements. 

The  enhancement  was  exceptionally  large  compared  with  the  usual  superconductors 
and  cannot  be  explained  by  any  theory  either  for  the  isotropic  or  anisotropic  supercon¬ 
ductivity,  mentioned  above.  At  present  we  consider  that  the  enhancement  is  caused  by 
the  field  fluctuations  generated  by  the  vortex  dynamics.  This  type  of  motion,  in  gener¬ 
al,  causes  the  so-called  BPP-type  relaxation,  which  is  given  by  [111;  Ti ■v 
Y^2hQ2tg/(1 ,  where  Yn,  ho,  tc  “n  t*''®  gyromagnetic  ratio  of  the  nucleus, 

the  amplitude  and  the  correlation  time  of  the  field  fluctuation,  and  the  Larmor  fre¬ 
quency.  The  maximum  of  Ti"''  -v  Yn^ho2/2aJn  appears  when  the  temperature  dependent 
satisfies  1^10^  =  1 .  In  order  to  explain  the  observed  peak  value,  0.25  s"^ ,  at  3.28  kOe, 
ho  should  be  0.4  Oe,  which  is  not  unrealistic.  Considering  the  sharpness  of  the  peak, 
vortex  lattice  melting  is  favorable  as  the  origin  of  the  required  dynamics.  Note  that 
this  compound  has  strong  two  dimensional  electronic  states.  Indeed,  the  estimated  melt¬ 
ing  temperature  using  the  transport  data  yields  2.7  K  which  is  close  to  the  tempera- 
ture  where  the  anomaly  occurs  [7]. 

To  get  further  information  we  have  applied  the  field  cycling  technique  to  investi¬ 
gate  zero  field  relaxation.  Above  Tc,  the  recovery  of  the  nuclear  magnetization  in  time 
is  single  exponential  as  was  in  the  field.  Figure  1  shows  the  temperature  dependence  of 
T-]  at  zero  magnetic  field  together  with  that  at  11.7  kOe.  In  the  temperature  range 
between  10  and  30  K,  follows  the  Korringa  relation,  (T'|T)-^=  (650  secK)"^,  The 

value  of  (T-jT)"*'  at  zero  field  is  enhanced  by  the  factor  of  1.7  compared  with  that  at 
11.7  kOe.  This  agrees  well  the  theoretical  value  of  2  for  uncorrelated  local  fields 
[12].  Above  30  K,  T-}  gets  to  deviate  from  the  linearity  while  the  deviation  at 
11.7  kOe  occurs  above  100  K.  This  is  reasonably  attributed  to  an  additional  relaxation 

due  to  thermal  motions  of  the  ethylene  group. 

Below  Ter  the  decay  of  the  nuclear  magnetization  gets  non-single  exponential.  The 
profile  of  the  decay  curve  is  shown  in  Fig.  2.  As  the  temperature  decreases,  the  non¬ 
single  exponential  nature  becomes  more  pronounced.  In  particular,  the  initial  slope  of 
the  decay  is  surprisingly  steep  and  is  even  larger  by  two  order  of  magnitude  than  the 
relaxation  rate  at  11 -.7  kOe.  Furthermore,  the  decay  time  of  the  long  component  is  much 
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longer  than  the  measured  time  range.  The  field  dependence  of  the  relaxation  profile  was 
precisely  investigated  at  4.2  K;  with  increasing  the  field,  the  non-single  exponential 
decay  at  zero  field  was  found  to  turn  gradually  into  a  single  exponential  curve;  the 
relaxation  rate  becomes  smaller  for  further  increase  of  the  field,  and  tends  continu¬ 
ously  to  the  results  at  3,28  and  11.7  kOe. 

The  results  below  T^  are  not  inconsistent  with  the  vortex  dynamics  discussed 
above.  The  non-single  exponential  decay  means  inhomogeneous  relaxation  of  nuclei.  Since 
the  relaxation  in  the  normal  state  is  homogenous,  the  vortex  structure  is  the  most 
probable  candidate  for  the  origin  of  the  inhomogeneity.  Even  at  'zero'  field  in  the 
process  of  the  field  cycling,  we  must  suppose  the  existence  of  considerable  amount  of 
vortices.  There  should  be  vortex  motions,  such  as  flux  creep  or,  although  speculative, 
the  motions  of  bound  vortex-antivortex  pairs.  In  order  to  confirm  this  picture,  the 
relaxation  measurements  for  ^ ^c-enriched  sample  are  under  way.  We  also  hope  the  ^ 
relaxation  will  reveal  the  hyperfine  contribution  which  have  been  masked  in  the  present 
relaxation. 


Fig.  1  (Left)  ^H-NMR  relaxation  rate  at  zero-field  and  at  11.7  kOe.  The  two  straight 
lines  show  the  Korringa  behaviors,  T-jT  =  650  secK  and  T-|T  x  1100  secK,  at ,  zero  and  at 
11.7  kOe,  respectively. 

Fig.  2  (Right)  Relaxation  profile  of  the  nuclear  magnetization  at  nominal  zero  field. 
Non-single  exponential  decays  are  observed  below  T^. 


Magnetic-Field  Penetration  Depth  Determined  by  Complex  Susceptibility 

The  complex  susceptibility  x  (X“X'-ix")  was  measured  down  to  1.5  K,  with  a 
Hartshorn-type  mutual  inductance  bridge,  resolution  of  which  is  5  nH.  The  ac  field 
was  applied  either  perpendicular  or  parallel  to  the  crystal  layer.  In  the  parallel 
case,  where  the  demagnetizing  effect  can  be  neglected,  the  absolute  value  of  the  sus¬ 
ceptibility  was  determined.  For  calibration,  we  used  the  complete  diamagnetism  of  Sn 
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films  (7-500  uni  thick). 

At  perpendicular  fields  x'  exhibits  a  sharp  transition  at  9.2  K.  With  increasing 
the  field,  X’  around  Tc  becomes  depressed  gradually  but  the  low-temperature  values  He 
on  a  "universal  curve"  in  the  zero  field  limit  when  the  applied  ac  field  is  less  than  2 
Oe.  The  imaginary  part,  x".  forms  a  sharp  peak  only  around  the  transition  region. 
Vanishing  x"  except  the  vicinity  of  Tg  implies  that  no  vortices  enter  into  the  samples. 
In  the  perpendicular  direction  of  the  field,  x'  shows  almost  a  perfect  diamagnetism, 
the  deviation  from  which  is  quite  small.  Moreover,  the  demagnetization  effect  is  large 
and  the  correction  is  not  easy  for  crystals  of  irregular  shape.  Thus  one  cannot  deter¬ 
mine  absolute  value  of  X  from  the  susceptibility  data.  It  is,  however,  possible  to 
obtain  the  deviation  from  the  minimum  value  of  X  in  the  case  of  thin  crystal  with  a 
diameter  of  2R  and  a  thickness  of  2d  (R>>d),  by  taking  into  account  the  x ' -dependence 
of  the  demagnetization  factor.  The  calculation  is  straightforward  [13]  and  the  final 
formula  for  R>>X„inis  given  as  X(T) -X„in=R[ 1 -t x' (T) /x' (T^m) 1 ^ The  results  thus 
obtained  from  x'  at  116  mOe  are  plotted  as  a  function  of  (T/Tc)^  in  Fig.  3(a).  (X  at 

116  mOe  is  considered  as  those  in  the  zero-fifeld  limit  in  the  temperature  range , 

T/Tc<0.95.)  The  temperature  dependence  of  X  is  well  approximated  by  the  T2-law  at  low 
temperatures  of  (T/Tc)2<0.35,  i.e.  T/Tc<0.6.  Experimentally,  the  exponent,  a,  of  the 
power-law,  T®,  is  in  the  range  of  1.7-2. 2.  Such  a  power  law  is  in  remarkable  contrast 
to  the  BCS  behavior,  where  X  varies  exponentially  in  temperature,  as  considered  later. 

Next,  the  results  in  the  ac  field  parallel  to  the  crystal  layers  are  given.  In 
this  geometry  of  the  field,  we  can  determine  the  absolute  value  of  the  penetration 
depth  since  the  absolute  values  of  x'  are  measured.  The  results  were  independent  of 
the  amplitude  of  the  ac  field  at  least  up  to  1.2  Oe.  The  imaginary  part,  x",  is  zero 
throughout  the  entire  temperature  range  at  the  field  below  1.2  Oe.  The  deviation  from 
the  perfect  diamagnetism  (-4Trx'<1)  in  the  low  field  region  is  caused  by  the  field  pene¬ 
tration,  as  in  the  perpendicular  geometry.  It  should  be  noted  that  when  the  field  is 
applied  parallel  to  the  crystal  surface  the  penetration  can  take  place  both  from  the 
surface  in  a  direction  perpendicular  to  the  layers  and  from  the  edges  in  the  parallel 
direction.  In  layered  materials,  the  latter  is  often  dominant.  Detailed  measurements 
and  analysis  were  made  for  several  crystals  with  different  dimensions  and  revealed  that 
the  parallel  penetration  shown  in  the  inset  of  Fig.  3(b)  determines  x'  in  the  present 
system.  (Details  were  described  in  Ref.  13.)  X  is  calculated  by  the  equation  -4i.x’  =1- 
(2X/D)tanh(D/2X),  where  D  is  the  dimension  of  the  sample  in  the  direction  of  field 
penetration.  The  obtained  penetration  depth,  which  is  normalized  to  the  minimum  value, 
is  shown  as  a  function  of  (T/Tc)2  in  Fig.  .3(b)  ,  as  well  as  the  empirical  Gorter- 
Casimir  law,  X  'v,  [1 -(T/Tc)^]-’ /2  and  the  model  calculation  of  the  Josephson-coupled 
layers  based  on  the  BCS  f ramewor^ [  1  4 ] .  The  latter  gives  the  same  temperature  depen¬ 
dence  as  in  the  dirty  local  limit,  namely,  X  -v  A(T)tanh(A(T)/2kT) ,  which  yields  expo¬ 
nential  dependence  in  T  at  low  temperatures.  As  seen  in  the  figure,  our  results  exhib¬ 
it  t2 -dependence,  X(T)/X(0)=  1+  0.45(T/Tc)2,  at  low  temperatures.  Now  the  temperature 
dependence  of  X  is  again  of  a  poWer-law,  instead  of  an  exponential  BCS  behavior.  The 
results  were  fairly  reproducible  for  four  measurements  on  different  crystals. 

The  temperature  dependence  of  the  penetration  depth  at  low  temperatures  generally 
probes  the  gap  structure  in  the  density  of  states  of  the  quasi-particle  excitation.  The 
BCS  theory  predicts  the  exponential  temperature  dependence  due  to  the  finite  gap  in  the 
excitation.  For  example,  in  the  local  limit  which  is  relevant  to  our  compound,  X(T)- 
X(0)=X(0)(2TTA/kT)1/2e-A/kT  at  T<<A/k.  On  the  other  hand,  a  power-law  dependence 
means  the  existence  of  non-vanishing  density  of  states  above  the  ground  state  and  is 
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expected  for  anisotropic  superconductors  with  nodes  of  the  gap  parameter  on  the  Fermi 
surface.  The  present  results  give  an  evidence  that  the  superconductivity  in  the  organic 
conductor,  k- ( BEDT-TTF) 2Cu(NCS ) 2 r  has  a  gapless  naturei  of  this  kind  similar  to  the 
heavy  electron  systems.  The  possibility  of  anisotropic  superconductivity  and  its  char¬ 
acteristics,  if  any,  in  the  quasi-two-dimensional  organic  systems  were  discussed  in  the 
context  of  nonlocal  attractive  and  on-site  Coulomb  interactions  by  Hasegawa  and 
Fukuyama  [15]. 

In  conclusion,  the  organic  superconductor  (BEDT-TTF)2Cu(NCS) 2  exhibits  power-law 
temperature  dependence  of  the  penetration  depth.  Anisotropic  pairing  with  nodes  of  the 
gap  parameter  on  the  Fermi  surface  was  suggested  for  this  material. 
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Fig.  3(a)  Deviation  of  the  penetration  depth  from  the  minimum  value,  l--^minl  plotted 
as  a  function  of  (T/T^)^.  Inset  shows  the  directions  of  the  applied  ac  field  and  the 
penetration  with  respect  to  the  crystal  layer. 

(b)  Normalized  penetration  depth,  plotted  as  a  function  of  (T/Tq)^.  Note 

thait  the  directions  of  the  applied  ac  field  and  the  penetration  are  different  from 
those  in  (a). 
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Anomalous  magnetotransport  phenomena  observed  in  ^-(BEDT-  TTF)2l3,  a-(BEDT-TTF)2l3 
discussed  based  on  the  dimensionality  of  electron  energy  spectrum.  Two  types  of  the  anomalies  ,one  in 
low  magnetic  fields  and  one  in  high  magnetic  fields  are  reviewed. 


1.  INTRODUCTION 

A  0  type  crystal  of  (BEDT-TTF)2l3  is  an  organic  crystal  having  metedlic  character  down  to  low  temperatures  and 
undergoing  the  superconducting  transition  with  Tc  of  about  3.6K[1].  This  crystal  exhibits  fairly  strong  two  dimensional 
properties.  The  conductivity  is  high  in  the  ab-crystal  plane  and  low  along  the  c*-crystal  axis. 

In  the  course  of  the  investigation  of  the  superconductivity  of  the  crystal,  we  have  noticed  that  the  magnetoresistance 
in  the  normal  state  is  anomalous.  The  magnetoresistance  seems  not  to  be  determined  by  the  Lorentz  force.  First,  it  is 
too  large  to  be  expected  from  the  Lorentz  force.  Moreover,  it  is  anomalous  in  that  the  effect  is  not  sensitive  to  the  angle 
between  the  magnetic  field  and  the  electric  current,  but  it  is  determined  by  the  direction  of  the  magnetic  field [2].  Such 
an  anomaly  seems  somewhat  universal  to  two  dimensional  organic  conductors  ,  such  as  k  -(BEDT-TTF)2Cu(NCS)2  and 
a-  (BEDT-TTF)2l3  . 

When  we  extend  the  magnetoresistance  measurement  of  9-  (BEDT-TTF)2l3  into  higher  fields,  we  encounter  another 
anomaly  of  the  magnetoresistance  in  ^-(BEDT-TTF)2l3,  which  is  an  oscillation  of  the  magnetoresistance  against  the 
change  of  the  magnetic  field  direction[3,4,5]. 

2. EXPERIMENTAL  RESULTS 
A.  Low  Field  Anomaly 

Figure  1  gives  the  magnetic  field  effect  on  the  resistivity  of  ^-(BEDT-TTF)2l3  in  the  field  one  normal  to  the  two 
dimensional  plane  suid  one  in  the  plane.  For  both  magnetic  fields,  we  notice  the  line2irly  increasing  resistivity  instead 
of  the  quadratic  rise.  A  much  important  feature  of  the  phenomena  is  that  the  increment  of  the  resistivity  is  the  larger 
when  the  magnetic  field  is  parallel  to  the  conductive  plane  than  when  it  is  normal  to  the  2D  plane.  Another  experiment 
has  shown  us  that  the  direction  of  the  magnetic  field  is  the  crucial  parameter  which  determines  the  strength  of  the 
magnet ioresistance.  The  angle  between  the  magnetic  field  and  the  current  is  not  important  in  the  phenomena.  These 
exclude  the  possibility  that  the  effect  results  directly  from  the  Lorentz  force  on  carriers. 

Figure  2  gives  the  magnetoresistance  for  the  magnetic  field  in  the  bc*-plane  at  several  temperatures.  Analyzing 
these  data,  we  have  found  that  the  function  is  given  as 

where  po  Is  the  zero  field  resistivity,  €<,,  C5  amd  Cc  are  parameters  which  are  independent  of  temperature  or  the  magnetic 
field  strength.  Relative  amplitude  of  parameters  Cq,  Cj  and  Cc  is  determined  in  one  sample  ,  as  Ca;C4:Cc=0.7:2:0,5, 
This  means  that  the  effect  is  weak  for  the  field  in  the  direction  normal  to  the  two  dimensional  plane.  For  the  fields  in 
the  2D  plane,  the  anisotropy  of  the  effect  is  such  that  it  is  stronger  when  the  field  is  in  the  b-  axis  and  weak  when  it  is 
in  the  a-axis. 
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Fig.2  Magnetoresistance  at  H=7T  for  several  temperar 
tuies. 


Fig.  1  Rf’;5istivity  at  1.5  K  as  a  function  of  the  mag¬ 
netic  field  which  is  applied  one  in  the  a^-plane  and  one 

normal  to  the  a^t-plane  (along  the  c*-axis).  The  electric 

War  ph«iote^"are  seen  in  a-type  crystaU  of  (BEDT-  TTF)2l3  under  high  hydrostatic  pressure.  An  a  -(BEDT- 
TTF)2l.  crystal  is  known  to  undergo  the  metaJ-nonmetal  transition  at  about  135K.  Under  high  hydrostatic  pressure, 
the  critkal  temperature  moves  towards  lower  temperatures.  Figure  3  gives  the  temperature  dependence  of  the  resistivity 
for  P=10kbar.  A  metal-nonmetal  transition  takes  place  at  about  90K.  F6r  this  pressure,  the  increase  of  the  resistivity 
in  the  low  temperature  phase  is  not  so  large  and  the  resistivity  saturates  in  the  lowest  temperature  region.  This  implies 
that  some  portion  of  the  Fermi  surface  survives  after  the  metal-nonmetal  transition.  The  magnetotransport  experimente 


ave  done  for  this  remaining  Fermi  surface. 

The  magnetic  field  direction  is  rotated  in  a  plane  containing  the  direction  normal  to  the  conducting  plane  which 
torresoonds  to  6=0  in  the  horizontal  ajds(Fig.4).  The  magnetoresistance  increases  as  the  field  is  tilted  from  the  direction 
rormal.  to  the  conducting  plane  except  for  a  region  near  0=-9O  where  curves  have  large  dips.  If  we  neglect  these  dips, 
the  experimental  results  shows  that  the  magnetoresistance  is  the  larger  when  the  field  is  parallel  to  the  conducing  p  ane. 
When  the  magnetic  field  is  rotated  in  the  conducting  plane,  the  magnetoresistance  shows  anisotropy  as  seen  in  Fig.5. 
fep  tures  are  parallel  to  those  we  have  observed  in  ^-(BEDT-  TTF)2l3.  T  =  4.2  (K) 


1  10  100 


r{K) 

Fig, 3  Temperature  dependence  of  the  resistivity  of  a- 
(BEDT-TT F)2l3.  The  crystal  is  in  a  hydrostatic  pres¬ 
sure  of_about  lOkbM. 
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Fig.4  Magnetoresistance  for  several  magnetic  fields 
(H=0.4,  0.6,  0.8,  1.0,  1.2,  1.4T).  6=0  corresponds  to 
the  magnetic  field  direction  in  the  conducting  plane  and 
0=90  to  that  normal  to  the  conducting  plane. 
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Fig.5  I^istance  plotted  against  the  magnetic  field  direc¬ 
tion.  M^netic  fields  (H=0,1,2,3,4,5,6,6.5T)  is  rotated  in 
tne  conducing  plane. 
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Fig.6  Magnetoresistance  of  ^-(BEDT-TTF)2l3  plotted 
against  the  direction  of  magnetic  field. 


b.  High  field  Anomaly 

When  we  go  into  higher  magnetic  field  region  ,  a  qualitative  change  of  the  behavior  of  the  resistivity  takes  place. 
Figure  6  gives  the  magnetoresistance  for  a  0-(BEDT-TTF)2l3  crystal  plotted  against  the  angle  of  the  magnetic  field 
direction  measured  from  the  direction  normal  to  the  2D  plane.  Aii  oscillatory  behavior  of  the  magnetoresistance  is 
apparent  for  H>  3T. 

This  figure  tells  that  positions  of  the  peaks  and  bottoms  are  independent  of  the  strength  of  the  magnetic  field. 
Another  experiment  evidences  that  the  direction  of  the  electric  current  is  not  important  in  the  effect.  The  important 
parameter  to  determine  the  peak  positions  is  the  direction  of  the  magnetic  field  Thus,  the  phenomena  is  not  the 
Shubnikov-de  Haas  oscillation. 

The  bottoms  and  the  peaks  of  the  oscillation  appears  at  the  field  directions  which  satisfies 

(N=1,2,3 . )  (for  bottoms  ,=  N-t-1/2  for  peaks).  (1) 

On  the  other  hand,  the  amplitude  of  the  oscillation  is  determined  by  the  magnetic  field  normal  to  the  two  dimensional 
plane.  The  amplitude  is  very  sensitive  to  the  carrier  scattering  as  shown  in  Fig. 7. 

3.DISCUSSI0NS 

Among  two  types  anomalies,  the  origin  of  magnetoresistance  oscillation  has  been  ascribed  to  the  effective  dimen¬ 
sionality  of  the  electron  energy  spectrum  in  the  magnetic  field  as  follows. 

In  a  magnetic  field,  the  cyclotron  mass  of  an  electron  is  given  as  mff=(hV2«-  )dA/de  ,  where  A  is  the  area  of  a 
region  surrounded  by  an  electron  trajectory  which  is  on  the  Fermi  surface  and  normal  to  the  magnetic  field.  The  Landau 
energy  gap  is  given  as  Ac  =1l(eif/m/rc).  For  a  2D  electron  system,  magnetic  field  gives  a  drastic  change  to  the  electronic 
properties  because  of  the  qualitative  change  of  the  energy  spectrum,  from  a  continuous  type  to  a  deltafunction  type 
Landau  energy  spectrum. 

In  real  materials  such  as  5-(BEDT-TTF)2l3,  the  electron  energy  spectrum  always  contains  finite  three  dimensionality 
and  thus,  the  Fermi  surface  waves  sinusoidally  along  the  direction  normal  to  the  2D  plane.  In  that  case,  the  Landau 
levels  broadens  because  of  the  distribution  of  m^  and  the  effect  of  the  magnetic  field  will  become  weak. 

Yamaji  has  shown  that  there  ate  special  magnetic  field  directions  where  the  distribution  of  the  value  of  mu  is  very 
nattow[6].  The  width  of  Landau  energy  level  is  sharp  for  these  field  directions.  The  application  of  the  magnetic  field  in 
these  directions  enhances  the  two  dimensionality  of  the  system  and  that  gives  rise  to  the  increase  of  the  magnetoresistance. 
An  important  point  is  that  the  analysis  of  the  oscillation  allows  us  to  reconstruct  the  Fermi  surface  of  the  electron.  For 
a  square  like  Fermi  surface,  we  have  obtained  the  peak  positions  as  in  Fig.8.  This  figure  represents  the  experimental 
resultsgiven  in  eq.(l)  at  least  qualitatively. 
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Fig.  7.  (A)  Temperature  dependence  of  the  amplitude 
A  of  the  oscillation.  The  indexes  of  the  oscillation  for 
the  curves  are  3  and  4.  (B)  A  rcplot  of  the  in  (A). 
Here*  the  data  arc  plotted  against  the  zero  field  resis¬ 
tivity  Co- 


'ig.8  The  positions  of  peak  of  the  magntoresistance  cal- 

P* .  1  _ _ _  T?ai«TY»i  Glirfare. 


Another  problem  is  the  low  field  anomaly  of  the  magnetoresistance.  Is  the  origin  of  the  phenomena  is  the  s^e 
with  that  of  the  high  field  osciUation  ?  There  are  some  similaiities  among  these  two.  Both  of  them  is  in  epen 
the  direction  of  the  electric  current.  They  are  determined  by  the  direction  of  the  magnetic  field.  Bot^h  of  them  are  very 
sensitive  to  the  temperature  and  they  depend  on  temperature  through  the  change  of  the 
to  expect  that  they  come  out  of  the  same  origin.  We  already  knows  that  the  magnetoreaistance  oaollaUoii « 

j  -iO. .»«  .....  .og..!,.,  .ritb  ...b  .b..  W.  .b*.  .b.  ^ 

....J,  ot  U..  .«.c.  »n».  ...  o.  u..  ...1  .b.«  d...o 

.yrt..  R«...ly,  .  .b~.y  "Web  .dl.  .b.  U.  .ucb  .hrt...  tt. 

field  paraild  to  the  two  dimensional  plane  is  larger  than  that  in  the  direction  normal  to  it. 
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(BEDT-TTF)-based  Organic  Superconductors  Studied  at  IMR,  in  1989 
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Institute  for  Materials  Research,  Tohoku  University,  Katahira  2-1-1,  Sendai  980,  Japan 

We  report  on  the  recent  studies  on  (BEDT-TTF) -based  organic  superconductors,  which  have  been  made  at 
IMR  in  the  1989  fiscal  year.  Three  topics  will  be  outlined  in  focus  on  the  problems  still  unsettled. 
(For  the  details  and  full  literatures,  see  the  original  paper.) 


1.  Hagnetoresi stance  and  Shubnikov-de  Haas  effect  in  g -(BEDT-TTF) 2 1 Br 2 
T.  Sasaki,  N.  Toyota,  T.  Fukase,  K.  Hurata,  M.Tokumoto  and  H.  Anzai 

to  be  published  in  Proceedings  of  The  First  ISSP  Symposium  on  the  Physics  and  Chemistry  of  Orga¬ 
nic  Superconductors  (Springer-Verlag,  1990) 

The  angular  dependence  of  the  magnetoresistance  and  the  Shubnikov-de  Haas  effect  have  been  mea¬ 
sured  on  ll-(BEDT-TTF) alBrz  (Tc=2. 3K,  RRR=lS00)  at  ambient  pressure.  This  study  is  based  on  an  exten¬ 
sion  experiment  to  the  previous  observations ^ of  SdH  quantum  osillations  in  this  material  and 
other  related  organic  superconductors.  Figure  1  shows  the.  angular  dependence  of  the  magnetoresistan¬ 
ce  at  1.7K  in  a  b* -c*  plane.  The  magnetoresistance  takes  a  minimum  when  the  field  is  applied  near 
the  c*-direct ion,  being  normal  to  the  layered  plane.  The  data  reveal  a  weakly  oscillatory  behavior  as 
a  function  of  the  angle,  which  are,  as  shown  in  the  figure,  superposed  on  the  background  magnetore¬ 
sistance.  The  peak  positions  are  periodic  in  tanS,  where  6  is  the  angle  between  the  resistance  mini¬ 
mum  direction  and  the  applied  field.  This  phenomenon  has  been  originally  discovered  by  Kajita  and 
his  collaborators^^  in  9-(BEDT-TTF) 2I3  and  explained  by  the  Yamaji’s  modeP^  that  all  the  cross-sec¬ 
tional  area  enclosed  by  the  cyclotron  orbits  on  the  slightly  warped  cylindrical  Fermi  surface  will 
be  completely  equal  to  each  other  when  the  field  is  applied  along  some  directions  tilted  from  the 
cylinder  axis.  (For  details,  refer  to  Kajita’ s  report.)  For  the  present  system,  this  model  reproduc¬ 
ing  tan0-periodicity  results  in  Sfs’=?0. 35bz,  where  S^siSaz)  is  a  cross-sectional  area  in  the  basal 
plane  of  the  Fermi  surface  (the  first  Brillouin  zone).  This  prediction  is  in  well  agreement  with  Sfs 
NO.  285bz  determined  from  SdH  observations.  This  new  phenomenon  has  been  already  observed  by  Kartsov- 
nik  et  al.'^^  who  obtained  (half  filled),  being  almost  twice  larger  than  the  present  re¬ 

sult.  It  is  noted  here  that  their  single  crystals  with  R/?/?-2000- 
3000  and  Tr=2.8K  seems  to  be  of  higher  quality  than  ours.  For  the 
large  difference  in  not  only  Sfs,  but  also  in-plane  cyclotron  mass 
nic(^0.5mo  for  us,  and  N5mo  for  them),  we  have  reached  a  question 
as  to  whether  our  single  crystals  might  undergo  a  structural 
modulation  like  an  incommensurate  superstructure  observed  in  an  or 

iso-structural  f- (BEDT-TTF) zl 3.  The  detailed  x-ray  diffraction 
measurements  by  Kagoshima,  however,  has  revealed  no  positive  sign  5 
for  such  a  structural  change  down  to  helium  temperature,  ^ 

The  problem  still  stands  over  to  be  clarified  in  future.  * 

1.  K.Murata  et  al,  J.  Phys.  Soc.  Jpn.  57  (1988)  1540 

2.  N. Toyota  et  al.  J.  Phys.  Soc.  Jpn.  57  (1988)  2616 

3.  K. Kajita  et  al.  Solid  State  Commun.  70  (1989  1189 

4.  K.Yamaji.  J.  Phys.  Soc.  Jpn.  58  (1989)  1520  ^ 

ANOLC  (dvQ.I 

5.  M. V. Kartsovnik  et  al,  JETP  Lett.  48  (1988)  541 

“  Fig.  1 
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1.  Critical  Fi^lri  Anisotropy  in  ’•2K-Superconducting  State"  of  Organic  Superconductor  ^-(BEDT-TTP)^ 

T.Sasaki.  N.Toyota.  M.Hasumi.  T.Osada,  S. Kagoshima.  H.Anzai.  M.  Tokumoto  and  N.  Kinoshita, 

J.  Phys.  Soc.  Jpn,  ^  (1989)  3477  and  ibid,  in  I. 

The  title  compound  undergoes  a  superconducting  transition  at  1.1-L5  K  at  ambient  pressure.  How¬ 
ever,  if  the  sample  is  cooled  from  room  temperature  under  small  pressure  of  about  1  kbar,  the  T,; 
jumps  to  7-8  K  which  is  so  called  the  high-Tc  state."  It  has  been  revealed  that  an  incommensurate 
superstructure  develops  below  175  K  at  ambient  pressure."  The  development  of  the  superstructure 
makes  the  terminal  ethylene  groups  of  the  BEDT-TTF  molecules  disordered.  The  pressure  easily  sup¬ 
presses  the  superstructure  and  also  the  associated  disordering,  which  could  be  responsible  for  the 
high- Tc  state.  Recently  Kagoshima  and  his  collaborators"  have  found  that,  even  at  ambient  pressure, 
the  superstructure  becomes  unstable  below  about  110  K  and  the  wave-vector  0  characterizing  the 
superstructure  changes  from  0.27  to  0.24  A  by  keeping  the  sample  at  110  K  for  20-40  hours.  Thus  an¬ 
nealed  sample  exhibits  successive  superconducting  transitions  at  7-8  and  2  K.  these  of  which  show, 
respectively,  the  incomplete  and  complete  Meissner  effect.  Since  the  annealing-induced  increase  of 
bulk  Tc  from  1.1-1. 5  to  2.0  K  is  reproducibly  observed,  this  phenomenon  can  be  intrinsic  and  might 
be  deeply  related  with  the  change  in  superstructure.  The  present  paper  concerns  the  effects  of  an¬ 
nealing  on  the  resistivity  and  superconducting  upper  critical  field  Hc2  in  the  2K-state. 

Figure  1  shows  the  logarithmic  plot  of  the  temperature  dependence  of  the  resistance.  During  an¬ 
nealing  at  109  K  for  120  hours,  the  resistance  decreases  by  about  8  X  and  exhibits  a  saturation.  On 
cooling  after  this  annealing,  the  temperature  dependence  becomes  equal  to  that  without  annealing, 
except  that  two  superconducting  transitions  appear  at  7^8  .and  2  K.  Table  I  lists  up  the  GL  coherence 
length  for  the  in-plane  (!)  and  inter-plane  (1)  order-parameters,  and  the  anisotropy  of  Hca.  for 
both  states.  Parameters  in  the  pressurized  states'"  are  also  included.  The  most  significant  change 
by  annealing  is  found  in  the  increase  of  HczL  associating  the  30  X  decrease  in  an  H^z-an isotropy 
which  results  in  the  in-plane  coherence  length  with  the  inter-plane  one  unchanged.  It  is  noted  that 
the  Tc,  anisotropic  coherence- length  and  Hci  are  comparable  in  magnitude  to  those  of  pressurized 
states  at  3.5-5.0  kbar.  This  suggests  that  the  2K-state  might  he  understood  by  the  "lattice  pressure 
”  model."  Taking  into  account  that  the  in-plane  coherence  length  is  inversely  proportional  to  the 
square  root  of  the  in-plane  transport  mass,  our  results  indicate  a  significant  enhancement  of  the 
density  of  states  at  the  Fermi-level.  This  is  favorable  to  an  increase  of  Tc.  Table  I  leads  us  to 
the  empirical  rule  in  the  present  system  that  the  increase  of  Tc  associates  a  decrease  of  an  Wcz- 

anisotropy. 

Finally,  althouth  the  transport  mass  is  not  necessarily  equal  to  the  cyclotron  mass,  they  are  in¬ 
terrelated  each  other.  The  big  difference  in  the  in-plane  cyclotron  mass  of  O.S/do  in  low-Tc  state®^ 
and  4.5mo  in  high-Tc  state''^  is  already  revealed.  The  important  question  remains:  whether  a  continu¬ 
ous  change  in  the  cyclotron  mass  will  occur  or  not  in  the  intermediate  states  between  these  states. 
For  the  pressurized  states,  Murata  and  his  collaborators  a^e  extensively  studying  the  SdH  oscilla¬ 
tions,  while,  for  the  2K-state,  we  will  try  again  to  observe  SdH  oscillations. 
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I,  Evidence  of  Many-Body  Renormalizations  in  Some  Organic  Conductors 

N.  Toyota,  E.W.  Fenton,  T.  Sasaki  and  M.Tachiki 

Solid  State  Commun.  72  (1989)  859  and  ibid  in  I 

One  of  the  recent  progress  in  research  fields  of  organic  superconductors  is  a  success  in 
detecting  SdH  quantum  oscillations  in  (BEDT-TTF)-based  salts.  Hence  reliable  informations  on  the 
electronic  states  near  the  Fermi  level  such  as  a  Fermi  surface  (FS),  cyclotron  mass  ntc  and  Dingle 
temperature  Tii=h/(2t)^kBi,  where  r  is  an  electron  life-time,  have  become  available  from  these  measu¬ 
rements.  The  FS  in  {-(BEDT-TTF)2l3  without  superstructure  (high-Tc  state;  see  E.)‘\,  is  a  little 
warped  cylinder  occuping  almost  50X  area  (a  half-filling)  of  Ssz,  while  that  with  a  superstructure  ( 
low-Tc  state) occupies  25-303!(almost  a  quarter-filling)  of  Sbz,  (For  ^-(BEDT-TTF)IBr2.  the  consen¬ 
sus  is  not  yet  reached,  as  described  in  I.)  The  band-structure  calculations®^  based  on  a  two-dimen¬ 
sional  tight  binding  approximation  for  the  overlapping  p(x)  molecular  orbitals  had  predicted  a  sin¬ 
gle  hole-band  with  half-filled  for  a  J-phased  salt  without  any  lattice  modulation.  In  the  meantime. 
«-(BEDT-TTF)2Cu(NCS)2,  which  has  so  far  the  highest  Tc  among  organic  salts,  has  a  little  warped  cy¬ 
lindrical  FS  with  Sfs=16-20X  of  Shz.  ^  This  is  reasonably  assigned  to  be  a  lens-like  closed  orbit 
for  holes  centered  at  Z-point,  expected  from,  the  band-structure  calculations. Figure  1  shows  the 
band-structures  calculated  for  this  t-phased  salt.  As  shown  in  this  figure,  another  orbit  for  ele¬ 
ctrons  is  also  expected  to  be  open  along  the  Y-M  (c*)  direction.  Recently  Muller  et  aP^  have  ob¬ 
served  a  magnetic  breakdown  to  occur  across  the  small  energy  gap  on  a  M-Z  line  between  these  close 
and  open  orbits.  This  experiment  gives  a  strong  support  to  the  band-structure  calculations.  It  can 
be  concluded  that  rather  simple  band-structure  calculations  could  well  reproduce  the  topology  of  FS 
in  these  salts. 


427 


Figure  2  shows  a  logarithmic  plot  of  the  ratio,  iiic/mo.  versus  Tn-  The  straight  lines  give  the 
necessary  condition  for  the  quantum  oscillations  to  be  observable  at  specified  manetic  inductions  B 
.  i.e.,  fflcrJl,  where  uc^eBlnicC  is  a  cyclotron  frequency.  From  this  figure,  it  is  recognized  that  the 
Lta  could  be  categorized  into  two  groups:  the  light-mass  (less  than  O.S/iio)  and  high-To  (several  to 
10  K);  the  heavy-mass  ((2-5)mo)  and  low-Tn  (less  than  1  K).  Roughly  speaking,  the  product  BcTd  is 
nearly  constant  in  a  variety  of  materials  and  states.  To  investigate  further  this  systematics.  we 
have  analyzed  the  mean  free  path  I=v,t  by  use  of  only  SdH  parameters  for  the  light-mass  group,  f,.- 
(BEDT-TTF)2l3  (low-Tr  state)  and  {-(BEDT-TTF)2lBrz,  and  for  the  heavy-mass  group,  i-(BEDT-TTF) ^Cu- 
(NCS)2.  We  find  that  all  three  salts  have  nealy  the  same  magnitude  of  i  which  about  1000  A.  As  will 
be  proven  later,  I  defined  by  v^;  is  a  good  measure  for  the  quality  of  a  crystal.  Therefore  the  deg¬ 
ree  of  purity  of  the  crystals  belonging  to  different  groups  must  be  almost  the  same.  This  is  also 
supported  by  the  fact  that  the  residual  resistivity  fo  and  RRR  exhibit  only  minor  difference  among 
these  salts.  The  reason  why  To  is  obtained  so  low  in  the  heavy-mass  group  might  be  simply  understood 
in  terms  of  a  classical  picture  that  a  slowly  moving  electron  with  a  heavy  mass  is  scattered  by  fix¬ 
ed  impurities  with  less  probability  than  a  light-mass  electron. 

The  question  concerns  an  origin  of  the  heavy  mass:  Whether  is  it  ascribed  to  either  a  purely  band 
effect  or  many-body  renormalizations  ?  The  former  possibility  might  be  excluded,  since  the  band- 
structure  calculations,  which  can  reliably  reproduce  the  observed  FSs  of  i-(BBDT-TTF)2Cu(NCS)2  and 
J„-(BEDT-TTF)2l3.  result  in  too  wide  a  band-width  (0.5-0. 7  eV).  correspondingly  too  small  a  band- 
mass  (about  Ifflo  at  most)  to  explain  the  measurements.  We  have  pointed  out  that  just  this  discrepancy 
in  me  and  the  agreement  of  the  FS-topology  between  experiments  and  calculations  could  be  a  direct 
evidence  of  the  many-body  renormalizations  in  these  materials.  Therefore  we  might  conclude  that 
these  materials  are  of  highly  correlated  Fermi  liquid  which  satisfies  the  Luttinger’ s  theorem  that 
the  volume  enclosed  by  FS  in  momentum  space  is  unaffected  by  the  many-body  interactions,  but  the 
effective  mass  is  enhanced.  The  essential  point  of  the  renormalization  theory  is  that  any  many-body 
interaction  necessarily  leads  to  the  quasi-particle  states  with  the  renormalized  mass  iii=Za,  and 
life- time®’  r=Zrb,  where  Z  is  a  renormalization  constant  defined  as  l-AI/A(i»)^l  (Z  is  a  self-energy 
),at  is  a  bandmass  and  rt  a  bare,  unrenormalized  life-time. 

As  have  been  established  in  an  electron-phonon  interaction,  many-body  interaction  enhances  the 
cyclotron  mass  which  enters  into  the  temperature  damping  factor  in  the  Lifsitz-Kosevich  formulation, 
but  it  does  not  affect  the  mass  which  enters  into  the  Dingle  factor.  If  this  complication  is  ignored 
.as  is  usually  done  (data  in  Fig. 2)  because  of  difficulty  in  determining  Z.  then  the  bare  life-time 
.which  is  a  good  measure  for  the  degree  of  purity  of  a  crystal,  is  related  to  the  deduced  r.  tt-ilZ. 
Thus  will  be  disclosed  the  above-mentioned  "trick”  on  too  small  To  in  the  renormalized  group. 


The  remaining  question  is:  what  is 
a  many-body  interaction  exerted  in  the 
organic  conductors  ?  If  we  take  the  band 
mass  mb^lao.  we  find  Z=3-4.  For  this 
large  Z,  we  have  proposed  that  Coulomb 
correlations  of  the  extended  Hubbard  model 
might  be  important,  especially  in  a  dimerized 
system  as  t-(BEDT-TTF)2Cu(NCS)2. 

Similar  suggestions  have  been  made  indepen¬ 
dently  by  Oxford  group.  They  have  estimated 
the  on-site  Coulomb  interaction  U^l.3  eV  and 
the  inter-site  one  V=0.  2-0.  5  eV,  the  latter  of 
which  might  be  expected  to  be  largest  for  the 
neighboring  molecule  with  the  largest  transfer 
integral:  in  this  material,  the  other  half  of  the 
dimer  will  be  a  dominant  neighboring  site. 


Fig.  2 
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Finally,  the  temperature-  and  field-dependence  of  the  quantum  oscillations  observed  in  these 
organic  conductors  are  consistent  with  the  predictions  from  Lifsi tz-Kosevich  theory  based  on  the  in 
dependent  particle  model.  And  band  structure  calculations  well  reproduce  the  FS-topology,  but  fails 
to  explain  the  observed  heavy-mass.  Therefore  we  are  lead  to  the  conclusion  that  the  Luttinger  s 
theorem  --  a  Fermi-liquid  picture  --  could  hold  in  the  present  organics.  It  is  quite  surprizing  that 
these  theories  could  still  hold,  no  matter  how  highly  the  electrons  correlate  each  other.  Similar 
surprise  has  already  been  accumulated  in  Heavy-Fermion  business  and  will  probably  be  put  in  High-Tc 
oxides. 
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Superconducting  and  Normal  State  Properties  of 
Organic  Metals  (BEDT-TTF)2X 

Madoka  Tokumoto,  Nobumori  Kinoshita,  Keizo  Murata,  Hiroshi  Bando, 
Kunihiko  Yamaji  and  Hiroyuki  Anzai 

Electrotechnical  Laboratory,  1-1-4  Umezono,  Tsukuba,  Ibaraki  305 

Recent  progress  in  the  superconducting  and  normal,  state  properties  of 
BEDT-TTF  based  organic  metals,  including  p-(BEDT-TTF)2X  and  k-(BEDT- 
TTF)2Cu(NCS)2,  are  presented.  In  addition  to  the  low-  and  high-Tc  states, 
with  rc=l  K  and  8  K,  respectively,  a  new  superconducting  state  with 
Tc=2  K  was  found  in  p-(BEDT-TTF)2l3.  DC  Hall  effect  of  the  low-Tc  state  of 
P-(BEDT-TTF)2l3  has  been  studied.  Tunneling  spectroscopy  on  ic-(BEDT- 
TTF)2Cu(NCS)2  single  crystals  by  a  low-temperature  scanning  tunneling 
microscope  (STM)  is  reported.  In  addition  to  the  Shubnikov-de  Haas  and 
deHaas-van  Alphen  effects,  a  new  oscillatory  phenomenon,  discovered  in 
the  angular  dependence  of  magnetoresistance  in.  p-(BEDT-TTF)2lBr2  and  0- 
(BEDT-TTF)2l3.  is  shown  to  be  a  new  powerful  tool  to  study  Fermi  surfaces 
of  quasi  two-dimensional  electronic  systems. 


1.  Introduction 

Superconductivity  of  BEDT-TTF  based  organic  metals  has  been  found  to  be  quite 
sensitive  to  defects,  disorders  and  impurities.  In  quasi-one  dimensional  metals,  such  as 
(TMTSF)2X,  the  conduction  path  of  electrons  along  the  stacking  donors  can  be  seriously 
disturbed  by  the  presence  of  defects  or  disorder.  However,  in  two-dimensional  system 
like  BEDT-TTF  salts,  electronic  conduction  path  forms  a  two-dimensional  network  so 
that  the  presence  of  point  defects  cannot  cause  a  serious  effect  on  the  electrical 
conduction.  Therefore  it  is  not  obvious  why  the  superconductivity  of  BEDT-TTF  based 
organic  metals  are  so  sensitive  to  the  presence  of  non-magnetic  impurities  and  defects. 
Two  outstanding  characteristics  of  the  BEDT-TTF  based  organic  superconductors,  i.e. 
superconductivity  at  ambient-pressure  and  relatively  high-Tc,  are  advantageous 
features  for  an  extensive  and  quantitative  study  of  superconducting  properties  in  these 
organic  metals. 

In  this  paper  we  report  on  recent  progress  made  at  Electrotechnical  Laboratory  in 
the  study  of  the  superconducting  and  normal  state  properties  of  organic 
superconductors  (BEDT-TTF)2X. 

2.  Correlation  between  Tc  and  Resistivity  in  P-(BEDT-TTF)2X[24,25] 

First,  we  show  some  typical  examples  where  superconducting  transition 
temperature  (Tc)  and  resistivity  seems  to  be  closely  related  with  each  other  in  p-(BEDT- 
TTF)2X,  which  forms  an  isostructural  family  of  organic  metals.  An  important  structural 
feature  of  p-(BEDT-TTF)2l3  is  an  incommensurate  lattice  modulation(l],  which  appears 
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below  175K  at  ambient  pressure.  The  presence  of  this  incommensurate  superstructure 
is  considered  to  suppress  its  Tc  from  8.1  K  to  1. 1-1.5  K.  Another  important  feature  in 
P-(BEDT-TTF)2l3  is  the  presence  of  disordered  ethylene  group  as  designated  as  A-type 
vs.  B-type[2]  (or  staggered  Vs.  eclipsed[3])  at  one  end  of  the  molecule  and  the  ordered 
group  at  the  opposite  end.  The  latter  additional  structural  disorder  can  possibly  be 
eliminated,  as  was  confinned  in  P-(BEDT-TTF)2lBr2  and  P-(BEDT-TTF)2l2Br[4],  where 
the  former  superstructure  is  also  absent. 

The  best  example  which  demonstrates  a  high  correlation  between  Tc  and 
resistivity  is  seen  in  P-(BEDT-TTF)2  trihalide  mixed  crystal  system.  The  substitution  of 
anions  in  p-(BEDT-TTF)2l3  was  found  to  produce  a  series  of  isostructural  crystals  of  P- 
(BEDT-TTF)2X.  Complete  substitution  of  I3  with  IBr2[5]  and  Aul2[6]  was  found  to 
suppress  the  incommensurate  superstructure  and  realized  the  high-Tc  state  in  p-(BEDT- 
TTF)2X.  However,  substitution  of  I3  with  asymmetric  anion  l2Br[7]  did  not  give  a 
superconductivity[8]  although  the  "lattice  pressure"  model[8]  predicted  higher  Tc  and 
both  the  incommensurate  superstructure  and  the  disorder  of  the  ethylene  group  were 
missingt4].  Partial  subrtitution  of  anions  corresponds  to  alloying  in  metals.  It  was 
found  that  we  can  prepare  P-(BEDT-TTF)2  trihalide  mixed  crystals,  namely  p-(BEDT- 
TTF)2(l3)l-x(IBr2)x.  p-(BEDT-TTF)2(IBr2)i.x(l2Br)x  and  p-(BEDT-TTF)2(l2Br)i.x(l3)x,  for  a 
wide  composition  range[9].  Temperature  dependence  of  electrical  resistance  in  these 
P-(BEDT-TTF)2  trihalide  mixed-anion  crystals  indicates  that  the  mixed  crystals  of  p- 
(BEDT-TTF)2-trihalides  constitute  a  clean  alloy  system,  where  the  scattering  of 
conduction  electrons  are  predominantly  due  to  phonons  at  temperatures  above  around 
100  k  even  in  high  concentration  (1:1)  mixed  crystals.  The  effect  of  alloying  on  the 
resistivity  appears  as  a  difference  in  the  residual  resistance  ratio  or  residual  resistivity 
at  very  low  temperatures.  From  the  residual  conductivity(OR),  which  is  inverse  of 
residual  resistivity,  and  Tc  in  p-(BEDT-TTF)2  trihalide  mixed  crystals,  we  can  see  a  clear 
correlation  between  Tc  and  residual  conductivity(OR)  for  a  wide  range  of 
composition!  10],  that  is,  as  we  increase  the  amount  of  substituent(x  or  1-x),  the  residual 
conductivity  decreases  and  the  Tc  decreases  accordingly.  Another  interesting  feature  is 
the  presence  of  a  clear  boundary,  at  aR=6000  S/cm,  between  the  superconducting  and 
non-superconducting  samples,  indicating  the  presence  of  minimum  conductivity 
(6000  S/cm)  required  for  realization  of  superconductivity  in  this  system[ll].  This 
value  obtained  from  the  above  experimental  results  was  found  to  be  in  fair  agreement 
with  a  theoretical  estimation  based  on  the  weal  localization  effcct[12].  Also,  this 
empirical  rule  explains  why  p-(BEDT-TTF)2l2Br  does  not  show  superconductivity. 

The  second  example  which  shows  a  correlation  between  Tc  and  resistivity  is  P- 
(BEDT-TTF)2l3  itself  in  which  two  superconducting  states  are  known  to  exist  at  ambient 
pressure,  i.e.  the  low-Tc  state  (Tc=l.l-1.5K)  and  the  high-Tc  state  (Tc=7-8K).  The 
difference  between  the  two  states  is  considered  to  be  the  incommensurate  lattice 
modulation^  which  appears  below  175K,  where  temperature  dependence  of  resistance 
changes  its  slope  or  derivative!  11, 13].  Figure  1(a)  shows  a  temperature  dependence  of 
resistance(R),  and  Figure  1(b)  shows  a  temperature  derivative  of  resistance(dR/dT)  of 
P-(BEDT-TTF)2l3.  At  175  K  a  crossover  between  the  crystal  structures  with  and 
without  the  incommensurate  lattice  modulation  takes  place.  The  former(pL)  is  stable  at 
lower  temperature  while  the  latter(PH)  is  stable  at  higher  temperature.  And  from  Fig. 
1(a),  pL  state  with  the  incommensurate  superstructure  seems  to  have  higher  resistance 
than  Ph  state  without  the  superstructure  at  temperatures  below  175  K. 

The  high-Tc  state  without  the  incommensurate  superstructure(pH)  can  be  realized 
by  releasing  the  pressure  at  low  temperature  after  cooling  under  pressure!14,15].  A 
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more  direct  difference  in  resistivity  between  Ph  and  Pl  states  were  reported  by  Hamzic 
et  al.[13]  in  which  they  observed  an  abrupt  resistance  increase  due  to  a  first  order 
structural  phase  transition  from  the  metastable  Ph  state  to  Pl  state  when  the  pH  sample 
was  warmed  up  to  about  130  K,  although  they  do  not  mention  the  difference  in 
residual  resistivity  at  low  temperature.  A  difference  in  residual  resistivity  at  low 
temperature  between  the  two  states  was  reported  by  Ginodman  et  al.[16].  The  result 
shows  that  the  resistivity  of  metastable  pH  state  is  much  lower  than  that  in  Pl  state  at 
low  temperatures,  indicating  that  correlation  between  Tc  and  residual  resistivity  also 
holds  in  this  case. 


Fig.  1.  (a)  (left)  Temperature  dependence  of  resistance(R)  of  p-(BEDT-TTF)2l3- 
(b)  (right)  Temperature  dependence  of  dR/dT  of  p-(BEDT-TTF)2l3- 


3.  DC  Hall  Effect  of  the  Low-Tc  state  of  p-(BEDT-TTF)2l3[26] 

The  Hall  effect  was  studied  in  p-(BEDT-TTF)2l3  in  order  to  survey  the  problem  of 
the  low-Tc  and  the  high-Tc  states  and  the  general  interest  to  the  Fermi  surface  of  this 
material.  i)  Our  measurement  revealed  that  this  material  is  a  metal  with  almost 
constant  hole  numbers  down  to  20  K.  By  the  estimate  of  Rn^l/nec,  the  hole  number 
seems  to  be  less  than  one  per  unit  cell,  ii)  In  the  temperature  dependence  of  Rh  in 
detail,  we  found  a  pronounced  stepwise  decrease  by  8  %  in  Hall  voltage  when 
temperature  is  lowered  through  175  K  but  not  through  110  K.  iii)  Further,  below 
20  K,  Hall  voltage  was  found  to  decrease. 

As  shown  in  the  inset  of  Fig.  2,  the  current  terminals  were  placed  at  both  ends  in 
full  width  to  achieve  a  uniform  current  along  the  a-axis.  The  Hall  voltage  was  taken  by 
the  difference  in  voltage  in  fields  between  +  and  -  5T  during  cooling.  Part  of  the 
results  are  shown  in  Fig.  2.  Figure  3  shows  the  temperature  dependence  of  the  Hall 
voltage,  which  is  the  difference  between  5  T  and  -5  T.  Two  distinct  transitions  are 
noticeable.  One  is  a  stepwise  decrease  in  Rh  below  175  K.  The  other  one  is  depicted  by 
the  sudden  start  of  decrease  in  the  Hall  voltage  below  20  K. 

The  absolute  value  of  the  Hall  coefficient  of  p-(BEDT-TTF)2l3  is  consistent  with  the 
crude  model  of  metals,  which  consists  of  one  electron  charge  transfer  from  two  BEDT- 
TTF  molecules  to  one  I3.  However,  upon  more  precise  examination,  the  absolute  value 
of  the  apparent  carrier  number  itself  seems  to  be  smaller  than  1  per  unit  cell.  By 
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lowering  temperature  through  175  K,  where  the  structural  transition  takes  place,  the 
Hall  coefficient  decreases  by  8  %  in  a  stepwise  way.  This  result  proved  that  the  175  K 
transition  is  accompanied  by  a  transition  in  the  electronic  state.  The  decrease  in  Hall 
coefficient  is  contradictory  to  the  suppression  of  Tc  from  8  K  to  1  K,  if  we  recognize  the 
difference  of  the  high-Tc  and  low-Tc  states  as  a  difference  of  the  density  of  states  and 
if  the  association  of  carrier  number  with  density  of  states  is  allowed.  At  temperatures 
below  20  K,  the  Hall  coefficient  starts  to  decrease  significantly.  The  possibility  of  a 
fluctuating  phase  below  20  K  is  proposed. 


Fig.  2(left)  Hall  voltage/current  of  p-(BEDT-TTF)2l3  as  a  function  of  temperature.  The 
difference  in  the  vertical  scale  between  the  higher  dotsfin  field  of  5  T) 
and  the  lower  dots  (in  fields  of  -5  T)  is  the  Hall  voltage  signal.  Inset 
shows  the  configuration  of  current  and  fields.  The  value  above  175  K 
corresponds  to  0.50±0.05  holes  per  unit  cell  for  this  sample,  when 
n=l/RHec  is  used. 

Fig.  3(right)  Hall  coefficient,  Rh,  of  p-(BEDT-TTF)2l3  as  a  function  of  temperature. 

Stepwise  reduction  of  Rh  through  175  K,  and  steep  decrease  below  20  K 
are  significant.  Closed  circles  were  taken  by  reversing  fields  during 
cooling.  Open  circles  are  the  difference  in  Rxy  voltage  between  those  at 
5  T  and  -5  T  of  the  temperature  sweep. 


4.  2K  Superconducting  State  in  p-(BEDT-TTF)2l3[  19,25] 

Recently,  annealing  at  about  110  K  was  found  to  result  in  a  change  of  the 
incommensurate  superstructure[17].  It  was  also  found  that  a  new  superconducting 
state  with  Tc=2  K  appears  as  a  result  of  annealing(18,19],  although  its  origin  or 
structural  difference  responsible  to  the  change  of  Tc  has  not  been  identified  yet. 
Annealing  at  IlOK  is  also  accompanied  by  a  decrease  in  resistance  in  addition  to  the 
change  of  incommensurate  superstructure  and  appearance  of  the  2K  state.  Fig.  4. 
shows  time  dependence  of  resistance  (i//c*)  of  p-(BEDT-TTF)2l3  due  to  annealing.  The 
resistance  decrease  by  as  much  as  10%,  indicating  that  the  new  2K  state  has  lower 
resistivity  than  the  original  low-Tc  state.  Fig.  5.  shows  temperature  dependence  of 

resistance  of  p-(BEDT-TTF)2l3  before( . )  and  after  annealing( - ).  A  vertical  line  at 

106  K  in  the  figure  indicates  the  decrease  in  resistance  by  annealing.  This  annealed 
2  K  state  with  lower  resistance  is  also  metastable,  and  gradually  goes  back  to  the 
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original  low-Tc(l. 1-1.5  K)  state  with  higher  resistance  when  the  sample  is  wanned  up 
to  about  120  K  as  seen  in  Fig.  5. 

Now,  what  about  the  residual  resistance  at  low  temperature?  Surprisingly,  the 
temperature  dependence  of  resistance  in  Fig.  5  shows  that  the  difference  in  the 
resistance  between  the  two  states,  which  is  as  much  as  10%  at  around  100  K, 
completely  disappears  as  temperature  goes  down  to  below  40  K.  More  or  less  the  same 
temperature  dependence  was  observed  for  resistance  with  current  flowing  parallel  to 
the  conducting  plane(i//a)[20].  It  is,  however,  consistent  with  the  ESR  linewidth  result 
as  shown  in  Fig.  6.  It  is  well  known  that  structural  disorder  in  P-(BEDT^TTF)2X  provides 
an  additional  scattering  mechanism  for  the  carriers  which  increases  the  residual  (low- 
temperature)  ESR  linewidth[21].  It  is  also  reported  that  in  p-(BEDT-TTF)2l3»  the 
linewidth  in  Ph  state  is  much  narrower  than  that  of  pL  state[22].  Figure  6  indicates  that 
annealing  at  100  K  causes  an  appreciable  decrease  of  the  ESR  linewidth  at  high 
temperature,  but  the  reduction  of  linewidth  due  to  annealing  is  much  smaller  at  low 
temperatures,  in  contrast  to  the  case  of  high-Tc  (8  K)  state[22].  These  observations 
seem  to  indicate  that  the  change  of  Tc  is  not  accompanied  by  the  change  of  the  low- 
temperature  residual  resistance,  or  scattering,  in  the  case  of  2  K  superconducting  state. 
These  results  suggest  that  we  must  look  for  other  reasons  which  can  be  related  to  the 
change  of  Tc  in  this  case.  The  reduction  of  the  critical  field  anisotropy  in  2  K  state[20] 
could  give  us  a  clue  to  obtain  a  better  understanding  of  the  effect  of  annealing.  The 
anisotropy  of  Hc2.  Hc2///Hc2x.  is  reported  to  show  a  significant  decrease  from  20.9  to 
14.5,  caused  by  annealing[23]. 

It  has  been  found  by  recent  magnetization  measurement  that  an  extended 
annealing  at  about  110  K  results  in  appearance  of  appreciable  amount  of  the  "high-Tc" 
state  with  Tc=7.5  K,  while  the  bulk  2K  state  gradually  loses  its  volume  fraction [19]. 
Figure  7  shows  annealing  conditions,  i.  e.  annealing  tcmperature(Ta)  and  annealing 
time,  for  each  step  of  annealing.  The  effect  of  annealing  performed  in  17  steps  in  total 
can  be  classified  into  three  stages.  In  the  first  stage,  i.  e.  steps  1  through  7  where 
1 07  K  S  Ta  5  1 1 1  K,  we  observed  coexistence  of  two  superconducting  states  with 


Fig.  4(left)  Time  dependence  of  resistance  (i//c*)  of  p-(BEDT-TTF)2l3  due  to  annealing. 

Fig.  5(right)  Temperature  dependence  of  resistance  of  p-(BEDT-TTF)2l3  before  ( . )  and 

after  annealing  ( - ).  A  vertical  line  at  106  K  in  the  figure  indicates  the 

decrease  in  resistance  by  annealing. 
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Tc=2  K  and  7.5  K,  as  shown  in  Fig.  8.  The  diamagnetic  shielding  of  the  2  K  state  is 
quite  large(- 1.3x10'^  emu/g  Oe)  corresponding  to  the  whole  sample  volume.  In  the 
second  stage,  i.  e.  steps  8  through  12  where  112  K  S  Ta  S  1 18  K,  we  observed  only 
the  7.5  K  state  as  shown  in  Fig.  9.  In  the  third  stage,  i.  e.  steps  13  through  17,  where 
1 20  K  <  Ta  <  126  K,  further  annealing  started  to  ruin  the  7.5  K  state  and  decrease 
the  superconducting  volume  fraction  without  appreciable  decrease  in  Tc.  The  structural 
difference  between  these  superconducting  states  with  different  Tc  has  not  been 
clarified  yet,  and  needs  further  study  on  the  superstructure  and  ethylene  ordering. 


0  50  100 


Time  (hours) 

Fig.  6(left)  Peak-to-peak  ESR  linewidth  versus  annealing  time  at  100  K  and  at  low 
temperatures  after  each  annealing  process  at  100  K. 

Fig.  7(right)  Annealing  Temperature  (Ta)  and  annealing  time  for  each  step. 


T(K)  T(K) 


Fig.  8(left)  Diamagnetic  shielding(#)  and  Meissner  effect(O)  after  the  annealing  of 
step  5(Ta=110K)  in  stage  1. 

Fig.  9(right)  Diamagnetic  shielding(#)  and  Meissner  effect(O)  after  the  annealing  of 
step  8(Ta=112K)  in  stage  2. 
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5.  STM  Measurements  of  Superconducting  Properties  in  k-(BEDT-TTF)2Cu(NCS)2[27,28] 

Tunneling  spectroscopy  on  k-(BEDT-TTF)2Cu(NCS)2  single  crystals  by  a  low- 
temperature  scanning  tunneling  microscope  (STM)  was  studied.  The  superconducting 
gap  at  1.9  K,  estimated  from  Fig.  10,  was  2A  =  4.8  ±  1.1  meV.  Both  its  magnitude  and 
temperature  dependence,  as  shown  in  Fig.  11,  were  consistent  with  the  BCS  theory. 
However,  the  line  shape  of  d//dV  -  V  characteristics  deviated  from  the  BCS  theory, 
indicating  some  distribution  in  the  energy  gap  magnitude.  We  suppose  it  is  possible  to 
interpret  the  previously  reported  results  of  tunneling  spectroscopy[29,30]  if  they 
sensed  subsets  of  the  distribution  according  to  the  configurations. 


Fig.  lO(left)  Differential  conductance  measured  at  1.9  K.  Traces  of  dl/dV-V 
characteristics  of  60  continuous  sweeps  were  plotted. 

Fig.  11  (right)  Temperature  dependence  of  differential  conductance. 


6.  Angle-Dependence  of  Magnetoresistance  in  Organic  Supcrconductors[33,35] 

The  newly  discovered  angle-dependent  oscillation  of  magnetoresistance  in  the  P- 
(BEDT-TTF)2lBr2  [31]  and  0-(BEDT-TTF)2l3  [32]  has  been  found  to  arise  from  a  nearly 
complete  discretization  of  Landau  levels  or  two-dimensionalization  of  Landau  level 
distribution  in  the  vicinity  of  the  Fermi  energy.  This  feature  occurs  since  the  Landau 
levels  lose  the  dependence  on  the  wave  number,  determined  only  by  the  Landau 
quantum  number.  This  is  shown  by  a  semiclassical  argument  to  occur  at  special  angles 
for  a  weakly  corrugated  cylinder  form  of  Fermi  surface,  as  shown  in  Fig.  12.  These 
angles  are  approximately  given  by 

ckptancp  =  n(n  -  1/4),  n  =  1,  2,  3, .  (1) 
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where  9  defines  the  angle  by  which  the  applied  magnetic  field  is  tilted  from  the  normal 
of  the  conducting  plane[33].  At  these  special  angles  the  magnetoresistance  makes 
peaks,  since  almost  all  one-electron  states  become  localized  in  the  vicinity  of  the  Fermi 
energy  in  the  two-dimensionalized  situation  due  to  the  same  reason  why  the  two- 
dimensional  system  loses  conductivity  in  the  quantum  Hall  state.  Theoretical  values  of 
the  angles  are  in  good  agreement  with  the  observed  peak  angles,  as  shown  in  Fig.  13, 
including  the  value  of  the  slope  of  the  fitting  line..  This  success  gives  a  support  to  the 
validity  of  the  tight-binding  bands  based  on  a  single  HOMO  of  the  BEDT-TTF  molecule 
for  BEDT-TTF  based  superconductors  [34].  We  have  also  treated  the  case  of  the  general 
form  of  in-plane  Fermi  surface  and  compared  the  results  with  experiments,  finding  a 
reasonable  agreement  between  theory  [35]  and  experiment  [36,37].  These  findings 
open  a  new  method  to  determine  the  form  of  the  Fermi  surface  of  quasi  two- 
dimensional  metals,  the  first  target  of  which  is  the  organic  superconductors. 


Fig.  12(left)  Semiclassical-orbital  planes  satisfying  (1)  are  shown  by  oblique  lines. 

Here  the  special  angle  9  corresponds  to  the  angle  between  the  obloque 
and  horizontal  lines. 

Fig.  13(right)  Values  of  tan9  at  peaks  of  the  magnetoresistance  (curve  1  in  Fig.  1  [31]) 
versus  n-1/4  where  n  numbers  the  peaks  from  the  9=0  side. 

7.  Summary 

Recent  progress  in  the  superconducting  and  normal  state  properties  characteristic 
to  the  BEDT-TTF  based  organic  metals,  including  p-(BEDT-TTF)2X  and  k-(BEDT- 
TTF)2Cu(NCS)2,  are  presented.  In  addition  to  the  low-  and  high-Tc  states,  with  rc=l  K 
and  8  K,  respectively,  a  new  superconducting  state  with  Tc=2  K  was  found  in  p-(BEDT- 
TTF)2l3.  DC  Hall  effect  of  the  low-Tc  state  of  p-(BEDT-TTF)2l3  was  studied.  Tunneling 
spectroscopy  on  k-(BEDT-TTF)2Cu(NCS)2  single  crystals  by  a  low-temperature  scanning 
tunneling  microscope  (STM)  is  reported.  In  addition  to  the  Shubnikov-de  Haas  and 
de  Haas-van  Alphen  effects,  a  new  oscillatory  phenomenon  characteristic  to  a  quasi 
two-dimensional  electronic  system  has  been  shown  to  be  a  new  powerful  tool  in  the 
study  of  Fermi  surface  in  quasi  two-dimensional  metals. 
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Uniaxial  Tensile  Stress  Effects  on  Organic  Superconductors 
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Uniaxial  stress  effects  on  the  low-dimensional  molecular  Superconductors 
are  investigated.  Preliminary  results  show  that  the  unaxial  tensile 
strain  applied  in  the  conducting  plane  of  k-(BEDT-TTF) 2Cu(NCS )2  increases 
and  enhances  the  resistance  peak  near  90  K.  The  increase  in  T^,  is  rather 
weak  compared  to  the  calculation.  This  suggests  that  the  neglected 
interlayer  interaction  for  calculation  faay  take  principal  part  in 
determining  T^.  The  controlled  tensile  strain  experiments  are  now  in 
progress.  The  ultrasonic  attenuation  in  high  frequency  region  is  to  be 
measured  by  means  of  the  parametric  phonon  echo  method. 

In  the  organic  charge  transfer  salts  exhibiting  the  superconductivity,  the 
electronic  properties  are  dominated  by  the  electron  transfer  between  radical  molecules. 
Since  the  molecules  are  stacked  segregatedly ,  forming  columns  or  layers,  the 
intermolecular  bondings  are  anisotropic  depending  bn  the  directions  parallel  or 
perpendicular  to  the  columnar  axes  or  layer  planes,  respectively.  Consequently  the 
electronic  structures  are  of  the  reduced  dimensionality  and  the  interesting  ordered 
phases  such  as  the  charge  density  waves,  the  spin  density  waves  and  the  super¬ 
conductivity  emerge  in  relation  to  the  low-dimensionality  of  the  electronic  structure. 

For  the  hydrostatic  pressure,  the  degree  of  the  low-dimensionality  is  varied 
due  to  the  difference  in  the  rigidity  of  the  bonding  nature  against  the  pressure  :  the 
softer  boundings  which  are  usually  determining  the  low-dimensionality  are  strengthen 
and  hence  the  degree  of  the  dimensionality  is  raised.  For  example,  for  (TMTSF)2X 
salts  the  hydrostatic  pressure  increases  the  transverse  transfer  energy  remarkably  and 
suppresses  the  nesting  of  the  Fermi  surface  resulting  in  the  emergence  of  the 
superconductivity. 

Secondly  the  suppressioen  of  the  superconducting  transition  temperature  T^  by 
pressure  is  observed  widely  in  organic  superconductors  [1,2].  The  pressure  may  be 
either  physical  or  chemical:  the  effect  of  pressure  to  the  molecular  crystal  is 
represented  by  the  reduction  in  the  intermolecular  spacing,  which  may  be  realized 
either  by  externally  applied  pressure  or  by  the  substitution  of  counter  ions  with 
sumaller  size  due  to  the  so-called  the  chemical  pressure  effect.  For  the  charge 
transfer  salts  exhibiting  the  superconductivity,  it  is  found  as  a  general  trend  that 
the  reduction  in  the  intermolecular  spacing  results  in  the  decrease  in  T^  [2]. 

Based  on  these  two  facts  we  remark  here  the  usefulness  of  a  tensile  stress  to 
the  organic  superconductors.  Concerning  the  pressure  dependence  of  the  T^,  it  is 
preferable  to  apply  negative  pressure  or  to  elongate  the  spacing  between  molecules,  in 
order  to  increase  T^.  This  is  eventually  possible  if  one  can  apply  tensile  stress  in 
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the  conduction  axis  or  layer.  Although  the  low-dimensional  materials  are  easily 
broken  by  mechanical  stress  along  the  least  conducting  axis  due  to  weak  bonding, 
moderate  tensile  stresses  can  be  applied  along  the  stacking  axes  or  planes. 

With  these  tensile  stress  we  can  expect  two  effects  ;  the  first  is  the 
enlarging  the  spacing  along  the  stacking  axis  wich  may  result  in  increase  of  T^, 
while  the  second  is  the  decrease  in  the  spacing  between  conducting  columns  and  layers 
which  results  in  suppressing  the  nesting  due  to  the  transverse  transfer  integrals. 
Further,  the  combination  of  the  informations  deduced  from  the  uniaxial  stress  with  the 
hydrostatic  stress  is  interesting,  which  make  possible  to  test  the  validity  of  the 
models  formed  through  the  studies  by  the  hydrostatic  pressure  experiments. 

In  order  to  apply  the  tensile  stress  we  have  adopted  two  approaches  :  one  is 
tne  suppression  of  the  thermal  contraction  [3,4]  and  the  second  is  the  artificial 
elongation  of  a  sample  by  using  a  stress  transformer.  Since,  the  thermal  contraction 
of  the  molecular  crystals  is  much  larger  than  ordinary  metals  or  inorganic  materials, 
by  cooling  one  can  apply  tensile  stress  to  a  sample  when  the  ends  of  the  samples  are 
sticked  to  a  holder  with  small  thermal  contraction.  The  estimated  changes  in  lattice 
parameters  for  k-(BEDT-TTF) 2Cu(NCS)2  by  cooling  down  to  0  K  from  room  temperature  are 
Ab/b=:9 . 5x1 0"^ ,  Ac/c=2.7xl  0*^  and  Aa/a=-9. 0x1 0“^ ,  where  the  b  arid  the  c  axes  lie  in  the 
conducting  plane  and  the  minus  sign  added  to  the  lattice  spacing  along  the  a  direction 
denotes  the  thermal  expansion  by  cooling  [5].  The  corresponding  thermal  contraction 
ratio  for  Cu  is  3.2x10“^. 

The  disadvantages  of  this  elongation  method  are  that  one  cannot  artificially 
control  the  strain  externally  and  further  that  the  amount  of  the  thermally  induced 
strain  itself  changes  with  temperature.  To  compensate  these  shortages,  we  are 
adopting  the  stress  transformer  as  shown  in  Fig.  1 ,  in  which  the  externally  applied 
stresses  which  are  strong  enough  to  break  the  sample  if  they  are  applied  directly. 

We  are  carring  out  experiments  by  using  the  transformer  but  in  this  report  we 
describe  the  preliminary  results  reduced  by  the  tensile  strain  caused  by  the 
difference  in  thermal  contractions.  The  effects  of  the  tensile  strain  are  found  as 
the  increase  in  T^  for  the  superconductivity  and  also  as  the  enhancement  of  the 
resistance  peak  appearing  near  90  K.  The  effect  of  the  tensile  stress  is  hot  so 
prominent  as  expected  from  the  band  structure  calculation  based  on  the  crystal 
structure  as  shown  in  Fig.  2.  We  calculated  the  T^  by  using  the  Yamaji  formula  based 
on  the  electron  molecular  vibrational  coupling  in  TTF  type  molecules  [6].  The 
electronic  band  parameters  are  calculated  through  the  overlap  integrals  between 
adjacent  molecules  and  the  tight  binding  band  calculation  [7].  The  dif fence  between 
the  calculated  and  the  observed  is  partly  due  to  the  fact  that  the  roles  of  interlayer 
interaction  is  neglected  for  calculation  and  this  indicates  that  the  significance  of 
the  interlayer  interacitons  for  the  superconductivity. 

The  enhancement  of  the  resistivity  peak  is  represented  in  Fig.  3,  where  the 
height  of  the  peak  is  increased  extraordinarily  by  the  elongation  along  the  b-axis. 
The  origin  of  the  resistivity  peak  is  not  clear,  but  it  is  suggested  that  the 
formation  of  the  polaron  due  to  the  strong  electron  phonon  interaciton,  e.g.  via  the 
electron  molecular  vaibration  coupling,  may  be  responsible  to  it. 

The  remarkable  influence  of  the  uniaxial  strain  to  the  electronic  structure  re- 
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minds  us  the  significance  of  the  ultrasonic  study  :  the  longitudinal  wave  corresponds 
the  oscillating  uniaxial  strain  mode  in  itself.  It  is  considered  that  the  low¬ 
dimensional  conductors  are  not  attenuated  if  it  does  not  accompany  the  relaxation  of 
the  electron  distribution  associated  by  the  change  in  the  Fermi  surface.  When  the 
uniaxial  strain  wave  modify  the  transverse  transfer  integrals,  e.g.  v  suppressing  the 
nesting  conditions,  the  attenuation  should  occur  reflecting  the  relaxation  of  the 
normal  carriers.  For,  the  transverse  modes,  the  modification  of  the  nesting  condition 
is  not  expected  in  the  first  approximation,  but  the  attenuation  associated  by  the 
screening  is  expected.  However,  to  observe  the  attenuation  from  the  electrons,  it  is 
essential  to  use  ultrasonic  waves  higher  than  100  MHz.  It  is  expected  that  the 

ultrasonic  attenuation  in  the  superconducting  transition  region  will  give  essential 
information  in  determining  the  pairing  types  of  superconductivity.^ 

The  organic  superconductors  have  limitations  to  introduce  of  the  high  frequency 
ultrasonic  waves.  To  overcome  this  difficulty,  we  are  developing  a  new  method  for  the 
generation  and  receipt  of  the  acoustic  waves  by  phonon  echo  (GRAPE)  method.  In  this 
method  the  strain  waves  of  frequency  w  is  coupled  parametrically  with  the  electro¬ 
magnetic  waves  of  2(jo,  resulting  in  the  formation  of  the  backward  strain  echoes  of 
frequency  u)  [8).  The  echo  signals  are  formed  in  bonded  piezoelectric  crystals  as 
shown  in  Fig.  4  and  therefore  they  are  not  affected  by  the  irregularity  of  the  end 
surfaces  of  crystals  whose  parallelism  is  essential  for  the  ordinary  ultrasonic  pulse 
echo  method.  So  far  we  are  developing  the  method  of  the  parametric  phonon  echoes 
which  is  appropriate  for  the  ultrasonic  study  fdr  the  organic  crystals  With  the  plate 
or  meedles. 

We  are  much  obliged  to  Dr.  Y.  Ueba  and  Mr.  H.  Kusuhara  of  Sumitomo  Electric 
Co.  Ltd.,  for  their  collaboration  in  the  tensite  strain  experiment.  We  also  thank  to 
Mr.  H.  Ito  and  Mr.  T.  Sato  for  their  experimental  assistance. 

References 

1.  G.  Saito  et  al.,  Synth.  Metals  22  A331  (1988). 

2.  M.  Tokumoto  et  al.,  Physica  1 43B  338  (1986). 

3.  H.  Kusuhara,  Y.  Sakata,  Y.  Oeba,  K.  Toda,  M.  Kaji  and  T.  Ishiguro,  "Tensile  Stress 
Effects  on  Superconducting  Transition  Temperature  in  (BEDT-TTF)2Cu(NCS)2 -  to  be 
published  in  Proceedings  of  ISSP  Cponference  on  Physics  and  Chemistry  of  Organic 
Supercoanductors . 

4.  H.  Kusuhara,  Y.  Sakata,  Y.  Ueba,  K.  Toda,  M.  Kaji  and  T.  Ishiguro,  "Tensile  Stress 
Effect  on  Transport  Properties  of  (BEDT-TTF)2Cu(NCS)2"  submitted  to  Solid  State 
Commun. 

5.  G.  Saito  and  H.  Urayama,  Kotaibutsuri  23,  198  (1988)  (in  Japanese) 

6.  K.  Yamaji,  Solid  State  Commun.  ^413  (1987). 

7.  T.  Mori  et  al. ,  Bull.  Chem.  Soc.  Jpn  ^  627  (1984). 

8.  K.  Fossheim  and  R.M.  Holt,  Physical  Acoustics  Vol.  XVI  ed..  Mason  and  Thuston 
(Academic  Press,  1982)  p.  217. 


442 


Resistivity  Ratio  log  (R/Rr.t.) 


Tensile 

stress 


>hor 

bronze 


b,c-elongation 
n  c- elongation 


b-elongation 


Fig.  1  Strain  transformer  device. 


Temperature  (K) 


Fig.  3 


temperature  dependence  of  the 
resistivity  normalized  with  the 
room  temperature  value  for  the 
sample  elongated  the  b  direction 
(a)  and  for  stress  free  sample  (b) 


0.50  0.54  0.58  0.62  0.66~^70 

Band  Width  (eV) 
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Fig.  4  Block  diagram  of  the  parametric 
phonon  echo  method. 
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by  the  source.  Passages  in  boldface  or  italics  are  as  published. 
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